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Abstract

Background: Marine deposits from the Callovian of Europe have yielded numerous species of metriorhynchid
crocodylomorphs. While common in English and French Formations, metriorhynchids are poorly known from the lberian
Peninsula. Twenty years ago an incomplete, but beautifully preserved, skull was discovered from the Middle Callovian of
Spain. It is currently the oldest and best preserved metriorhynchid specimen from the Iberian Peninsula. Until now it has
never been properly described and its taxonomic affinities remained obscure.

Methodology/Principal Findings: Here we present a comprehensive description for this specimen and in doing so we refer
it to a new genus and species: Maledictosuchus riclaensis. This species is diagnosed by numerous autapomorphies, including:
heterodont dentition; tightly interlocking occlusion; lachrymal anterior process excludes the jugal from the preorbital
fenestra; orbits longer than supratemporal fenestrae; palatine has two non-midline and one midline anterior processes. Our
phylogenetic analysis finds Maledictosuchus riclaensis to be the basal-most known member of Rhacheosaurini (the subclade
of increasingly mesopelagic piscivores that includes Cricosaurus and Rhacheosaurus).

Conclusions/Significance: Our description of Maledictosuchus riclaensis shows that the craniodental morphologies that
underpinned the success of Rhacheosaurini in the Late Jurassic and Early Cretaceous, as a result of increasing marine
specialization to adaptations for feeding on fast small-bodied prey (i.e. divided and retracted external nares; reorientation of
the lateral processes of the frontal; elongate, tubular rostrum; procumbent and non-carinated dentition; high overall tooth
count; and dorsolaterally inclined paroccipital processes), first appeared during the Middle Jurassic. Rhacheosaurins were
curiously rare in the Middle Jurassic, as only one specimen of Maledictosuchus riclaensis is known (with no representatives
discovered from the well-sampled Oxford Clay Formation of England). As such, the feeding/marine adaptations of
Rhacheosaurini did not confer an immediate selective advantage upon the group, and it took until the Late Jurassic for this
subclade to dominate in Western Europe.
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Introduction [14], [13], [16], [17]. There is a temporal and phylogenetic trend
towards increasingly specialised piscivory within this group, as
more derived and younger taxa had skulls that were less optimized
for enduring strong bite forces [14], [16]. The more derived
members of Metriorhynchinae are within the subclade Rhacheo-
saurini (Fig. 1). Rhacheosaurins are not only characterised by
having skulls not suited for enduring strong bite forces, but have
elongate and tubular snouts, high tooth counts, and uncarinated

numerous adaptations convergent with other marine amniotes and unserrated teeth [14], [16], [18] (although three specimens do
(e.g. hydrofoil-like forelimbs, hypocercal tail and large salt glands

Crocodylomorpha was a morphologically and ecologically
diverse clade during Mesozoic [1-5], and one of the first fossil
reptile groups to be discovered and studied [6], [7]. During the
Mesozoic, the Metriorhynchidae were perhaps the most aberrant
members of this clade, being the only archosaurian group to
secondarily return to a pelagic lifestyle [8], [9] and evolved

have carinae: [19], [20-21]). Based on this craniodental morphol-
(101, [1 l]‘, [12], _[13]>' ) ) ) ) ogy it has been posited that they were well suited for feeding on
One of the major metriorhynchid subclades, Metriorhynchinae, small, fast-moving prey [14], [16]. Interestingly, rhacheosaurins

consists of numerous small-t‘o-medlum bodied species w1th1n the also exhibit a temporal and phylogenetic trend towards increasing
genera Metriorhynchus, Gracilineustes, Rhacheosaurus and  Cricosaurus marine specialisation (e.g. posterior retraction of the external
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Figure 1. Comparative plate of Rhacheosaurini cranial morphology. A, Maledictosuchus riclaensis, holotype MPZ 2001/130a (MPZ, Museo
Paleontoldgico de la Universidad de Zaragoza); B, Rhacheosaurus gracilis, referred specimen NHMUK PV R3948 (NHMUK, Natural History Museum,
London, United Kingdom); C, Cricosaurus araucanensis, holotype MLP 72-IV-7-1; D, Cricosaurus suevicus, lectotype SMNS 9808 (SMNS, Staatliches

Museum fur Naturkunde Stuttgart, Germany). Scale bar=5 cm.
doi:10.1371/journal.pone.0054275.9001

nares, regression of the calcaneum tuber, increase in caudal
vertebrae count in the tail fluke [14], [20]). Currently, all
discovered species within Rhacheosaurini are known from the
Late Jurassic and Early Cretaceous [1], [16], [20], [22], [23], [24].
The origin of Rhacheosaurini is obscure, even though the fossil
record of Callovian (final stage of the Middle Jurassic, 164—
161 Ma) marine reptiles is noted for its preservation and
completeness [25]. During the Callovian, thalattosuchians were
highly diverse in Western Europe (in particular England and
France) and are also known from South America, India and
Dagestan [10], [26], [27], [28], [29], [30], [31], [32]. However,
until now no rhacheosaurin specimens have been discovered.
Although the Mesozoic presents a large outcrop in Spain,
knowledge of Spanish Mesozoic archosaurs has, unfortunately,
been limited. However, in recent years a great effort to document
these animals has been made, with the description of an
unexpected and diverse fauna of Cretaceous dinosaurs [33]. The
Jurassic fossil record is sparse, with the sole exception of the
Jurassic-Cretaceous transition which has abundant dinosaur
remains [34], [35]. Across the Iberian Peninsula there are
exposures of Mesozoic marine sediments; however marine reptiles
from these formations are poorly understood [36]. Bardet et al.
[37] reviewed the Mesozoic marine reptile fossil record of the
Iberian Peninsula, and found that plesiosaurs and mosasaurs were
the best represented, and that the marine reptile record had a wide
temporal range (Middle Triassic—latest Cretaceous). These fossil
remains are mainly represented by isolated and fragmentary
specimens (vertebrae, jaw fragments and teeth). Teleosaurid and
metriorhynchid thalattosuchians are represented in Jurassic
deposits from the Iberian Peninsula [38], [39], but few can be
identified at the generic level. However, there is a well-preserved

PLOS ONE | www.plosone.org

skull from the uppermost Toarcian or lowermost Aalenian (Early
or Middle Jurassic) of Portugal described as Pelagosaurus tomarensis
[40] (later re-assigned to Mystriosaurus cf. bollensis [41]). Ruiz-
Omenaca e al. [42] described an isolated ziphodont tooth from
Colunga (Asturias, northern Spain) as Dakosaurus sp. (recently re-
assigned to cf. Plesiosuchus manselii [43]). Furthermore, they [43] cite
two other thalattosuchian taxa (cf. Mackimosaurus sp. and
Thalattosuchia indet.) in the Upper Jurassic Terefies Formation.

An incomplete, but exceptionally well preserved skull from
Callovian-aged deposits near Ricla (Zaragoza) is also diagnostic.
This specimen was discovered by C. Gonzalbo, C. Laplana and
M. Soria in 1994 during a prospecting campaign to identify and
delimit areas with high numbers of fossils, for either protecting or
excavating. This fieldwork was conducted due to the construction
of the AVE railway line, which would have made such areas
maccessible. While fragments of bones were preserved in dark
limestone nodules, it seems that the skull and three associated
vertebrae are an isolated find, as no other vertebrate fossils were
discovered at the same level.

This specimen (MPZ 2001/130) is a very famous fossil in the
Arago6n autonomous community, where it is commonly known as
“Cocodrilo de Ricla”, and has been figured numerous times in
popular articles and books ([44], [43], [46], [47], [48], [49], [50],
[51], [52], [53], [54], [53], [56], [57]). It was deposited in the
Museo Paleontolégico de la Universidad de Zaragoza (MPZ) soon
after its discovery in 1994. Initially the skull was identified as a
member of the genus Metriorhynchus [44]. More recently, Parrilla-
Bel & Canudo [57], in a preliminary study, considered it to be
Metriorhynchoidea indeterminate. Until now, this specimen has
never been studied in depth.
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This specimen has important implications for our understand-
ing of metriorhynchid evolution. First, the exquisite preservation
of the skull furthers our knowledge of the geometry and
craniofacial form of Callovian metriorhynchids, especially as most
Callovian specimens have undergone post-mortem distortion and
deformation (see Andrews [10]; Lepage et al. [32]). Second, it is the
oldest known metriorhynchid from the Iberian Peninsula, and will
further elucidate the composition of Jurassic Western European
marine ecosystems. Finally, the origins of the metriorhynchid
subclade Rhacheosaurini are obscure due to the dearth of
specimens from key time stages (such as the Middle Jurassic).
Herein we describe a new genus and species, present a revised
phylogenetic analysis of the Metriorhynchidae and review the
implications this specimen has for the origins of the subclade
Rhacheosaurini.

Geological setting

The specimen was collected northwest of Ricla (Zaragoza,
Spain), in the “Barranco de la Paridera” site (“Ricla 2” in [58]). Ricla
is located in the north-central area of the Iberian Range (Fig. 2)
[59]. The Middle Jurassic strata of this area have been the subject
of numerous studies (e.g. [60], [61], [62]). The geology of this area
1s complex due to the presence of condensed sections [63], [64].
The section where the specimen was collected has been
interpreted as belonging to the Domefio Formation (Chelva
Group) by some authors [65], whereas others locate it in the
Agreda Formation ([58] and references therein). In any case, the
age of the site is safely determined by associated ammonite fossils
(see [66] and references therein).

Following the work of Ramajo [58], which is the only work to
our knowledge that actually locates the specimen in a stratigraphic
column, the specimen is from the Agreda Formation (contrary to
Parrilla-Bel & Canudo [57] who erroneously cited the same source
as placing the specimen in the Chelva Formation). Near Ricla this
formation consists of alternating muddy and sandy limestones.
The Agreda Formation overlies the Chelva Formation in this
region, and lies below the Yatova Formation of Oxfordian age. Its
thickness changes through its outcrop, being approximately 90 m
deep in the Ricla vicinity. The Agreda Formation is interpreted as
having been deposited in a shallow marine environment that was
subtidal to intertidal. The skull was discovered within a level of
alternating grey-beige limestones and grey marlstones, in the
upper part of the Agreda Formation. The strata consist of tabular
to nodulose, bioclastic and peloidal wackstone to wackstone-
packstone facies. The few fossils that are recovered from this level
are mainly belemnites, ammonites and bivalves. Bioturbation is
abundant, especially at the top of the strata. The specimen was
associated with the Middle Callovian ammonite Erymnoceras
coronatum (thus in the FErymnoceras coronatum Sub-Mediterranean
ammonite Zone).

Methods

Nomenclatural Acts

The electronic edition of this article conforms to the require-
ments of the amended International Code of Zoological Nomen-
clature, and hence the new names contained herein are available
under that Code from the electronic edition of this article. This
published work and the nomenclatural acts it contains have been
registered in ZooBank, the online registration system for the
ICZN. The ZooBank LSIDs (Life Science Identifiers) can be
resolved and the associated information viewed through any
standard web browser by appending the LSID to the prefix
“http://zoobank.org/”. The LSID for this publication is:
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urn:lsid:zoobank.org:pub: 0FB0955D-5FAF-47C4-A2BE-
114E1DC7D997. The electronic edition of this work was
published in a journal with an ISSN, and has been archived and
is available from the following digital repositories: PubMed

Central, LOCKSS.

Ethics Statement

All necessary permits were obtained for the described study,
which complied with all relevant regulations. The specimen was
collected with the authorization of the “Gobierno de Aragon”
(Decreto 6/1990, 23 de enero, de la Diputacién General de
Aragon; Exp: 197/94). We had permission to look at, and
photograph, the relevant collection in the Museo Paleontologico
de la Universidad de Zaragoza (MPZ). The director of the
Museum (José Ignacio Canudo), whose remit includes fossil
crocodylians from the MPZ (MPZ 2001/130), is a co-author on
this manuscript. None of these specimens were purchased,
donated or loaned as part of this study. MPZ 2001/130 forms
part of permanent collection of Museum, in which all fossils are
publically owned (Gobierno de Aragon).

Phylogenetic analysis

We undertook a phylogenetic analysis to assess the evolutionary
relationships of Maledictosuchus riclaensis within Metriorhynchidae.
This analysis was based on the taxon and character dataset of
Young et al. [43]. This resulted in a total of 74 taxa coded for 240
characters, with the non-crocodylomorph pseudosuchian archo-
saur Postosuchus kirkpatricki used as the outgroup taxon. In TNT
v1.1 (Willi Hennig Society Edition; [67]) tree-space was searched
using new technology search methods in TN'T, namely: sectorial
search, tree fusion, ratchet and drift; for 1,000 random addition
replicates. The default settings for the advanced search methods
were changed to increase the iterations of each method per
replicate: 100 sectorial search drifting cycles, 100 ratchet
iterations, 100 drift cycles and 100 rounds of tree fusion per
replicate. This tree-space search procedure was repeated for five
different random start seeds. Bremer supports and bootstrap
frequencies (1000 bootstrap replicates) were used to assess the
robustness of the nodes.

Following Young et al. [43] two analyses were carried out. In the
first one, all characters were unordered. In the second one, the
following characters were ordered: 1, 7, 8, 10, 13, 25, 38, 39, 42,
43, 47, 50, 56, 58, 69, 86, 87, 96, 126, 132, 133, 151, 152, 154,
156, 166, 179, 181, 182, 183, 184, 198, 202, 214, 218, 225, 228,
230, 231 and 237. In both analyses all characters were equally
weighted. The data matrix is provided as supplementary material
(see Text S1).

Results

Systematic Palaeontology

Superorder Crocodylomorpha Hay, 1930 [68] (sensu Walker,
1970) [69]

Infraorder Thalattosuchia Fraas, 1901 [70] (sensu Young &
Andrade, 2009) [1]

Family Metriorhynchidae Fitzinger, 1843 [71] (sensu Young &
Andrade, 2009) [1]

Subfamily Metriorhynchinae Fitzinger, 1843 [71] (sensu Young
& Andrade, 2009) [1]

Tribe Rhacheosaurini Young et al., 2011 [16]

Type genus. Rhacheosaurus von Meyer, 1831 [24]

Emended diagnosis. Metriorhynchid crocodylomorphs with
the following unique combination of characters (autapomorphic
characters are indicated by an asterisk): posterodorsal retraction of
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Flood plain I:l Loriguilla Fm.
:] Quaternary
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I:l Lower Cretaceous
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Barahona Fms.
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- Ricla Mb. Torrecilla Fm. I:l Lower Chelva Group - Keuper Facies

Figure 2. Geographical and geological location of Maledictosuchus riclaensis gen. et sp. nov. holotype MPZ 2001/130. Location and
geological map of Ricla locality, modified from Lendinez et al. [59]. Abbreviations: Fm., Formation; Fms., Formations; Mb., Member.

doi:10.1371/journal.pone.0054275.9g002

external nares, with the anterior margin of the external nares
starting posterior to the first premaxillary alveolus (ch. 7:3)%;
development of premaxillary septum that divides the external
nares along the skull midline (ch. 9:1)*; supratemporal fenestra
subequal or shorter in length than orbits*; frontopostorbital suture
lower than (ventral to) the intertemporal bar (ch. 60:1)%
infratemporal fenestra shorter in length than the orbit (ch. 86:2);
paroccipital process dorsolaterally orientated, at an approximate
45 degree angle (ch. 104:1)*; teeth lack carinae (ch. 167:0); the
anterior margin of both angular and surangular bones terminates
anterior to the orbit (ch. 139-140:1)*; presacral vertebrae count
increased by one (to 25) (ch. 178:1)*; number of caudal vertebrae
increased by at least eight (>45); humerus shaft greatly reduced,
contributing less than 25% of total humeral length (ch. 207:2);
radius and ulna are subequal in size to the radiale and ulnare,
respectively; tibia length greatly shortened, measuring less than
30% of femoral length (ch. 225:3).

Phylogenetic definition. The most inclusive clade including
Rhacheosaurus gracilis von Meyer, 1831 [24], but not Metriorhynchus
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geoffroyis von Meyer, 1832 [72], and Gracilineustes leedsi (Andrews,
1913) [10]. Definition from Young e al. [16].

Maledictosuchus gen. nov.

ZooBank Life Science Identifier (LSID) for genus.

urn:lsid:zoobank.org:act:BB05397F-3EA7-42EB-98C9-D6AAS3-
D2EC626

Type species. Maledictosuchus riclaensis sp. nov.

Etymology. “Damned crocodile”. Maledicto, from Latin
word Maledictus, in reference to all failed attempts to study this
fossil.

Geological range. Middle Callovian

Geographical range. Spain (Europe)

Diagnosis. As for the only known species.

Maledictosuchus riclaensis sp. nov.

List of synonymies (only the publications figuring the holotype
are listed):

1997 Metriorhynchus Cianudo et al., fig. on p. 20 [44]

1998 ““cocodrilo de Ricla” - Canudo, fig. on p. 13 [45]

2000 Metriorhynchus superciliosus Blainville, 1853 - Meléndez &
Soria-Llop, fig. 7 [46]
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2001 Metriorhynchus - Meléndez & Molina, fig. 11 [47]

2002 “cocodrilo del Jurasico de Ricla” - Lifian & Rubio, fig. on
p- 21 [48]

2003 “metriorrinquido” - Pérez Urresti, fig. on p. 25 [49]

2005 Metriorhynchus von Meyer, 1830 - anonymous, fig. on p. 95
[50]

2005 Metriorhynchus von Meyer, 1830 - Pérez Urresti, fig. on
p- 83 [51]

2006 Metriorhynchus von Meyer, 1830 - Gamez Vintaned et al.,
fig. on p. 12 [52]

2006 Metriorhynchus sp. - Lifian Guijarro & Gamez Vintaned, fig.
22 53]

2010 Metriorhynchus - Genera 1 Monells & Meléndez Hevia, fig.
on p. 27 [54]

2010 Metriorkynchus von Meyer, 1830 - Linan, fig. 5 [55]

2010 Metriorhynchus von Meyer, 1830 - Sender Palomar et al.,
fig. 18 [56]

2011 Metriorhynchidae indet. - Parrilla Bel & Canudo, fig. 2
(57]

ZooBank LSID for species.

urn:lsid:zoobank.org:act:503A90A7-DEB6-40E6-9CBC-
B8AOFC076D5B

Holotype. MPZ 2001/130a — an almost complete skull and
part of the lower jaw. MPZ 2001/130b, ¢, d — three vertebrae,
preliminary identification is: one cervical, one dorsal, and a third
for which the positional identification is indeterminate.

Etymology. “Damned crocodile from Ricla”. The specific
epithet riclaensis denotes the locality where the specimen was
found.

Type locality and horizon. ‘“Barranco de la Paridera”,
Ricla, Zaragoza, Spain. Agreda Formation. Erymnoceras coronatum
Sub-Mediterranean ammonite Zone, Middle Callovian, Middle
Jurassic [58].

Diagnosis. Metriorhynchid crocodylomorph with the follow-
ing unique combination of characters (autapomorphic characters
are indicated by an asterisk): heterodont dentition in which the
anterior maxillary teeth are moderately-to-strongly mediolaterally
compressed, while the posterior maxillary teeth are subcircular in
cross-section; crowns are uncarinated (lack keel). Enamel on labial
and lingual surfaces of crowns has ornamentation composed of
accessory ridges aligned to the apicobasal axis of the crown.
Maxillae hold 30-33 teeth, approximately 18 anterior to the
palatines; dentaries have 20-21 teeth adjacent to the mandibular
symphysis. Reception pits between the maxillary alveoli, offset
slightly laterally on the anterior region of the maxillac and
medially on the posterior region of the maxillae, caused by the
dentary crowns and reception pits between dentary alveoli caused
by the maxillary crowns*. The skull is narrow with a mesorostrine
snout (snout contributes 69% of basicranial length). A thin
lachrymal anterior process contacts the maxilla, and excludes
the jugal from the preorbital fenestra*. Orbits longer than
supratemporal fenestra (ch. 42:2*. Supratemporal fossae sub-
square/sub-circular, with subequal anteroposterior and laterome-
dial axes (ch. 39:1). Approximately 60 degree angle formed by the
lateral and medial processes of the frontal (ch. 56:1), with the
rostromedial border of the supratemporal fossa (intratemporal
flange) rounded. Frontal ornamented with shallow grooves aligned
radially (ch. 55:1). Frontal minimum width between orbits in
dorsal view subequal to width of one supratemporal fossa (ch.
57:1). Palatine has two non-midline anterior processes and a
midline anterior process*. Anterior margin of the choanae is ‘W’-
shaped with its base directed anteriorly (ch. 101:3). Basisphenoid
with paired ridges located medially on the ventral surface (ch.

113:1).
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Description and Comparisons

Ontogenetic stage and body length estimate. In fossil
crocodylomorphs, the progression of vertebral centrum-neural
arch fusion is often used as an indicator of ontogenetic stage (e.g.
[73]). Neurocentral suture closure in the crocodylian vertebral
column follows a consistent pattern, posterior to anterior; with the
cervical neurocentral sutures fusing in morphologically mature
specimens [73]. The posteroanterior pattern of neurocentral
suture closure has been observed in Middle Jurassic metrior-
hynchids [18]. The vertebrac of Maledictosuchus riclaensis (MPZ
2001/130b, ¢, d) are stll under preparation; however, initial
inspection suggests that the centra and neural arches are fused.

The basicranial length of MPZ 2001/130a a is approximately
55 cm, which using the body estimation method outlined by
Young et al. [15] gives a total length of 2.95 m. Compared to other
metriorhynchine this specimen had a shorter body length than the
species within Metriorhynchus, a greater body length than Rhacheo-
saurus, and is comparable in size to the smaller (and basal-most)
species in the genera Cricosaurus (C. suevicus [15] and C saltillense
[21]) and Gracilineustes.

Metriorhynchids exhibit ontogenetic variation in rostrum
length, tooth shape, orbit size and temporal fenestra/fossa length
[28]. As the orbits are longer than the supratemporal fenestra, it
would seem that MPZ 2001/130a is a juvenile. However,
basicranial length is similar to adult specimens of other
metriorhynchine species (>50 cm); the frontal is fused, with no
inter-frontal suture or groove present; the proportion of the
preorbital length to basicranial length is high (this ratio becomes
more pronounced in adult specimens); and the intertympanic
foramen is located in a ventral position, more posterior in juveniles
[28]. Based on these lines of evidence, and the fused cervical
neural arch-centrum, we consider the holotype of Maledictosuchus
riclaensis (MPZ 2001/130a) to be a morphologically mature
individual.

Skull and mandible: general comments. The holotype
(MPZ 2001/130) (Fig. 3) consists of an almost complete skull and
part of the lower jaw (MPZ 2001/130a), which were associated
with three vertebrac (MPZ 2001/130b, 130c, 130d). While the
rostrum is well preserved, the braincase has suffered some erosion,
lacking some of the occipital and temporal bones (such as the right
supratemporal arch), the posterior processes of the jugals and most
of the teeth. Of the lower jaw, only the mandibular symphysis is
preserved (dentaries and part of the splenials). In dorsal view, the
skull forms an isosceles triangle, with a tapering rostrum without a
terminal expansion (such as that observed in teleosaurids, see
Andrews [10]). In lateral view the skull is fusiform, with the
rostrum lower than the skull table. The rostrum is thin and long.
Basicranial length (length from the anterior-most tip of the
premaxilla to the posterior-most point of the occipital condyle) is
approximately 55 cm, while the rostrum contributes 69% of
basicranial length (the length from the tip of the premaxilla to the
anterior margin of the orbit is 38 c¢m). The rostrum is nearly semi-
cylindrical, with its lateral walls almost vertical. From the most
anterior point of the nasals, the rostrum becomes broader and the
skull reaches its maximal width in the posterior part of the
supratemporal fossae. In lateral view the rostrum appears slightly
curved, ventrally concave, most likely due to deformation.

The dorsal surface of the skull is gently ornamented with a
shallow pitted and grooved pattern. The rostrum (premaxilla and
maxilla) has a pitted pattern with small elliptical pits; this pattern
becomes slightly more packed (i.e. greater density of pits) on the
nasals and the prefrontals. The ornamentation on the frontal is
slightly deeper, and is composed of radial grooves (Fig. 4). Except
for the prefrontals and the frontal, conspicuous ornamentation is
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Figure 3. Skull of Maledictosuchus riclaensis gen. et sp. nov. holotype MPZ 2001/130a, photographs and interpretative drawings. A,
dorsal view; B, left lateral view; C ventral view; D, posterior view. Scale bar=5 cm. Stripped pattern represents rebuilt mastic surfaces. Dotted pattern
represents matrix. Anatomical abbreviations: bo, basioccipital; bsf, basisphenoid; bt, basioccipital basal tubera; cq, cranioquadrate canal; den, dentary;
ef, Eustachian foramen; en, external nares; eo, exoccipital; ept, ectopterygoids; fm, foramen magnum; fr, frontal; ic, foramen for the internal carotid
artery; in, internal nares; itf, infratemporal fenestra; j, jugal; la, lachrymal; ma, maxilla; na, nasal; oc, occipital condyle; oca, otic canal; orb, orbit; pa,
parietal; pal, palatine; pfo, preorbital fossa; po, postorbital; pop, paroccipital process; pre, premaxilla; prf, prefrontal; pt, pterygoids; qu, quadrate; so,
supraoccipital; sof, suborbital fenestra; sq, squamosal; stf, supratemporal fenestra.

doi:10.1371/journal.pone.0054275.g003

absent on the periorbital bones (the lachrymals, jugals and
postorbitals).
Premaxilla and external nares. The premaxillae are 9 cm

long along the midline, contributing to 16% of basicranial length,

Figure 4. Dorsal view of the frontal region of Maledictosuchus
riclaensis gen. et sp. nov. holotype MPZ 2001/130a. Notice the
ornamentation on the external surfaces of the frontal and the
prefrontals. Scale bar=5 cm.

doi:10.1371/journal.pone.0054275.9004
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and completely enclose the external nares (Fig. 5). Ornamentation
on the external surface is composed of numerous shallow, small
elliptical pits and short, fine grooves. Both premaxillae bear three
alveoli (Fig. 6), as with all other metriorhynchids (e.g. [1], [10],
[11], [14]). The alveoli are separated by intervals of approximately
5 mm. There are no complete premaxillary teeth. On the left
ramus, the teeth are partially preserved. All preserved teeth are
procumbent (i.e. the crowns have a slightly forward orientation).
Between the premaxillary and maxillary tooth rows there is a
diastema of approximately 2 cm.

The maxillary process (= posterodorsal process) of the premax-
illa projects posteriorly, terminating level to the third maxillary
alveolus. The premaxilla-maxilla suture is strongly interdigitated
dorsally and runs anteroventrally on the lateral surface. There is a
slight constriction at the contact between both bones in the
ventrolateral region. In palatal view the preservation of the
premaxilla is poorer.

Most metriorhynchids have a single anterodorsally orientated
external naris, such as Metriorhynchus superciliosus (e.g. NHMUK PV
R6859. NHMUK, Natural History Museum, London, United
Kingdom), Gracilineustes leedsi (e.g. NHMUK PV R3014) and
“Metriorhynchus™ brachyrhynchus (NHMUK PV R3804). The mem-
bers of the subclade Rhacheosaurini have a different morphology:
the external naris is divided by a premaxillary midline septum, and
is anterodorsally and laterally oriented (e.g. Rhacheosaurus gracilis
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Figure 5. Photographs and interpretative drawings of the
premaxilla of Maledictosuchus riclaensis gen. et sp. nov.
holotype MPZ 2001/130a. A, right lateral view; B, dorsal view. Scale
bar=2 cm. Stripped pattern represents reconstructed surfaces. Ana-
tomical Abbreviations: en, external nares; ma, maxilla; pre, premaxilla;
sep, premaxillary septum.

doi:10.1371/journal.pone.0054275.g005

NHMUK PV R3948; Cricosaurus suevicus SMNS 9808; SMNS,
Staatliches Museum fir Naturkunde Stuttgart). We consider it
likely that Maledictosuchus riclaensis shares the divided, anterodor-
sally and laterally orientated narial morphology; however, due to
preservation, the internarial bar (= premaxillary septum; [14]) is
incomplete. The internarial bar was reconstructed after prepara-
tion; however, the posterior part of the bar is real (Fig. 5). The
nares are approximately 3 cm in length. In relation to the tooth-
row, they begin after the first premaxillary alveolus, while its
posterior margin continues posteriorly past the final premaxillary
alveolus terminating before the first maxillary alveolus.

Maxilla. Maxillae are very large bones which form the
greater part of the rostrum. Ornamentation on the external
surface is composed of numerous small elliptical pits and
discontinuous grooves oriented anteroposteriorly. The maxillae
suture along the dorsal midline, separating the nasals from the
premaxillae. This suture is 7 cm long (12% of basicranial skull),
anteriorly delimited by the maxillary processes of the premaxillae
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and posteriorly delimited by the anterior angle of the nasals
(Fig. 3A).

In lateral view, the maxillae terminate prior to the anterior
margin of the orbits, and their greatest length is along the alveolar
border. The alveolar border is arched ventrally, but this is
probably due to deformation of the rostrum, and it extends in
ventral view from the premaxillae to the jugals (Fig. 3C). The
maxillae contact the nasals along their posterodorsal border; the
sutures are marked by a shallow groove. Ventral to the nasals, the
maxillae contact the lachrymals and the jugals. The maxillae form
the anteroventral part of the preorbital fossae (Fig. 7).

In palatal view, the maxillae are poorly preserved. However, the
maxillae suture along the midline forming part of the secondary
palate. Posteriorly, the maxillae contact the palatines. The maxilla-
palatine suture is ‘W’-shaped, and is orientated posteriorly (Fig. 8).
This suture continues posterolaterally, with the maxillae forming
the anterolateral border of the suborbital fenestrae (Fig. 3C).

In a previous paper, 34 alveoli were counted [57], but each
maxilla has between 30 and 33 alveoli (the posterior region of the
maxillae are poorly preserved and the alveoli are hard to identify).
Unfortunately, the specimen only has two completely preserved
teeth. The morphology of the alveoli varies along the tooth row
(Fig. 6). Four regions are distinguished: the four anterior-most
alveoli (M1-M4) are larger and mediolaterally compressed, with a
labiolingual width of approximately 5 mm, and a mesiodistal
length of 8 mm. The long axis of these alveoli forms an angle of
approximately 155 degrees with the long axis of the skull (Figs. 6B,
9A: zone 2). At the mid-snout, from M5 to approximately M11,
the alveoli are subcircular and alternate with small ‘depressions’
that are offset laterally. These reception pits (formed by the
corresponding dentary crown) are not aligned with the alveolar
row (Figs. 6C, 9A: zone 3). Posteriorly, from M12 to M16, there is
aregion badly preserved (Fig. 9A: zone 4). From M17 to M25, the
alveoli are subcircular and subequal in size with an average
alveolar diameter of 7 mm and a constant interalveolar space of
3 mm. In that region, small reception pits are found medially to
the alveoli (Figs. 6D, 9A: zone 5). The five posterior-most alveoli
(M26-M30) are smaller, circular, and very closely packed, with an
alveolar diameter of approximately 4-5 mm (Figs. 6E, 9A: zone 6).
As the ventral surface of the rostrum is concave, the teeth are not
horizontally aligned, with the posterior-most maxillary alveoli on
the same plane as the premaxilary alveoli. However, as stated
above, the snout has experienced post-mortem deformation, so
this is unlikely to be an in vivo morphology.

Nasals. The nasals are paired, unfused elements. The external
surface of the nasals (like maxillae) is ornamented with shallow
grooves and pits. In dorsal view the nasals are subtriangular (like
all thalattosuchians; e.g. [10]), broad, and extensively contribute to
the upper surface of the rostrum (Fig. 3A, B). Along their anterior
margin the nasals contact the maxillae; thus being separated from
the premaxillae. Along their posterior margin the nasals contact
the frontal, this suture tapers to a point, forming a “V’-shape
pointing anteriorly. This suture forms an angle of approximately
12 degrees with anteroposterior axis of the skull and bends
posteriorly to the prefrontals (= dorsoposterior processes) (Fig. 10).
The mterdigitated nasal-prefrontal suture extends anterolaterally
on the dorsal surface of the snout and curves posteriorly on the
lateral surface.

The nasals are broadly exposed on the lateral surface of the
skull, forming an acute process beneath the prefrontals (= later-
oposterior processes) (Fig. 7). The lateroposterior processes
terminate posterior to the preorbital fossae and form the dorsal
margin of the preorbital fossae. These processes contact the
lachrymals ventrally and the prefrontals dorsally.
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Figure 6. Teeth variation (heterodonty) and reception pits in Maledictosuchus riclaensis gen. et sp. nov. holotype MPZ 2001/130a.
Photographs and interpretative drawings. A, premaxillary teeth; B, morphology of M1 to M4; C, morphology of M5 to M11; D, morphology of M15 to
M26, and detailed photograph and drawing of M23 to M25; E, morphology of M26 to M31. Stripped pattern represents rebuilt mastic surfaces and
teeth; grey colored circles represent empty alveoli (teeth are not preserved); circles with broken line represent reception pits. Scale bar=1 cm.

doi:10.1371/journal.pone.0054275.9006

Lachrymals. The lachrymals are only exposed on the lateral
surfaces of the rostrum, in front of the orbits. This is a consequence
of the lateral expansion of the nasals and prefrontals, a
morphology that is characteristic of all metriorhynchids [10],
[11], [14], [74]. The lachrymals are concave with a lightly
ornamented external surface with very shallow grooves (i.e. no
conspicuous ornamentation). The posterior margins of the
lachrymals contribute to the anterior margins of the orbits,
forming the lower third. There are sutural contacts with the both
the prefrontals and nasals dorsally, with the jugals ventrally, and a
small contact with the maxillae anteriorly (Fig. 7).

Along the lachrymal-prefrontal contact there is an anteropos-
teriorly orientated crest or ridge (best preserved on the right side).
This ridge lies within a depressed area, anterior to the orbit but
posterior to the preorbital fenestra. Young & Andrade [1] named

this the lachrymal-prefrontal fossa. These fossae are restricted to
the concave, lateral surfaces of the lachrymals and the prefrontals.
Both the fossae and the crests are metriorhynchid apomorphies
(1].

Anteriorly, the lachrymals contact the maxillae. The contact
between these elements is very small, and is approximately level to
the anterior termini of the jugal anterior processes. In other
metriorhynchids (e.g. Geosaurus giganteus, Cricosaurus araucanensis; see
figures in Young & Andrade [1]) the lachrymals are excluded from
the maxillae by the preorbital fossae and the nasal lateroposterior
processes (ie. not by a jugal-nasal contact). However, in
Maledictosuchus riclaensis there is a thin anterior process of the
lachrymal that continues anteriorly, ventral to the preorbital
fenestra. This anterior process contacts the jugal along its ventral
margin. This process results in a contact between the lachrymal

Figure 7. Left preorbital region of Maledictosuchus riclaensis gen. et sp. nov. holotype MPZ 2001/130a in lateral view. Scale bar=2 cm.
Anatomical abbreviations: j, jugal; la, lachrymal; ma, maxilla; na, nasal; orb, orbit; pfe, preorbital fenestra; pfo, preorbital fossa; prf, prefrontal.

doi:10.1371/journal.pone.0054275.g007
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Figure 8. Palate of Maledictosuchus riclaensis gen. et sp. nov.
holotype MPZ 2001/130a. A, general view of the posterior region,
with the suture drawn in white; B, detail of the maxilla-palatine suture.
Scale bar=1 cm. Anatomical Abbreviations: gr, palatal-maxillary groove;
ma, maxilla; pal, palatine.

doi:10.1371/journal.pone.0054275.g008

and the maxilla, which excludes the jugal from the preorbital
fenestra, and limits the involvement of the jugal with the preorbital
fossa (Fig. 7). A similar arrangement occurs in Cricosaurus schroeder:
([1]: figure 5b). However, instead of thin lachrymal anterior

pM1
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Figure 10. Posterior region of Maledictosuchus riclaensis gen. et
sp. nov. holotype MPZ 2001/130a in dorsal view. Scale
bar=5 cm. Anatomical abbreviations: fr, frontal; j, jugal; na, nasal; orb,
orbit; pa, parietal; po, postorbital; prf, prefrontal; sq, squamosal; stf,
supratemporal fenestra; 1, angle between medial and lateral frontal
processes; 2, frontal minimum width between orbits.
doi:10.1371/journal.pone.0054275.g010

processes, in this species these processes are wide, much wider
than the jugal anterior processes. These broad lachrymal anterior
processes results in much more extensive contact between the
lachrymals and maxillae in C. schroederi [75].

Prefrontals. As with all other metriorhynchids, the prefron-
tals are enlarged laterally and overhang the orbits [10], [11], [14].

D1

Figure 9. Reconstruction of the occlusion mechanism of Maledictosuchus riclaensis gen. et sp. nov. holotype MPZ 2001/130a. A,
interpretative drawing of the occlusion mechanism. The interpretation has been created from morphology, size and position of teeth/alveoli and
reception pits. The divisions 1 to 6 correspond to: (1) premaxilla, and (2-6) subdivisions of the maxilla. B, Right anteroventral view of zones 5-6. C
Right anteroventral view of zones 3-4. D, Right anteroventral view of zones 1-2. E Right anterodorsal view of dentary. Abbreviations: D, dentary
tooth; M, maxillary tooth; PM, premaxillary tooth; rpD, reception pit produced by dentary tooth; rpM, reception pit produced by maxillary tooth.
Green colour: teeth/alveoli of maxilla and their reception pits on the dentary; Yellow: dentary teeth/alveoli and their reception pits in maxilla.

doi:10.1371/journal.pone.0054275.9g009
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These elements have two distinct regions: an upper portion, which
extends over the lateral margin of the orbit, and a downwardly
deflected region. This upper region overhangs the anterior third of
the orbit (overhanging by approximately 50% of the width of the
prefrontal). This overhang is extensive, as in dorsal view, it exceeds
the jugal bar laterally (Figs. 3, 10). The dorsal (= external) surface
of this upper region is ornamented with pits and short shallow
grooves (Fig. 4).

In dorsal view, the prefrontals are teardrop shaped with the
apex directed anteriorly, and the inflection point on the outer
(lateral) margins project posteriorly, forming an angle of approx-
imately 75 degrees to the anteroposterior axis of the skull. In dorsal
view the prefrontals are twice as long as wide; their maximal
length i1s 10 cm, while their maximal width is 5 cm. The medial
borders of the upper region contact the frontal posteriorly and the
nasal anteriorly (Fig. 10). The anterior end of the prefrontals fits
between the dorsoposterior and lateroposterior nasal processes (see
Fig. 3C). The nasal-prefrontal suture extends anterolaterally on
the dorsal surface and curves posteriorly on the lateral surfaces of
the snout. The nasals terminate level to the anterior border of the
lachrymal-prefrontal fossae. The prefrontal-frontal sutures start at
approximately the anterior third of the orbit dorsal margins. These
sutures run straight from their respective orbital margin, and are
almost perpendicular to the anteroposterior axis for about
1.6 mm, and then they curve anteriorly.

Frontal. The external surface is slightly concave and has a
more conspicuous ornamentation pattern than the other cranial
bones, being composed of subcircular pits and radial grooves
(Fig. 4). Anteriorly, the frontal terminates in a wedge-shaped
process (= anteromedial process) that extends between the nasal
dorsoposterior processes. This suture forms a 12 degree angle with
the sagittal plane and bends posteriorly to contact the prefrontals.
Posterior to the naso-frontal suture, the frontal contacts the
prefrontals. Posteriorly the frontal has a medial process that
contacts the parietal, and two lateral processes that contact the
postorbitals. The participation of the frontal in the dorsal margin
of the orbits is reduced due to the expansion of the prefrontals and
the postorbitals. The minimum interorbital distance across the
frontal is 6 cm, while the maximal is 10 cm (Fig. 10).

The suture between the frontal lateral processes and the
postorbitals is a posterolaterally directed V-shape. These lateral
processes constitute the posterior margins of the orbits and the
anterior margins of the supratemporal fenestrae. The medial
process of the frontal contacts the parietal forming the inter-
temporal bar (= frontoparietal bar) between supratemporal fossae.
The frontoparietal suture is interdigitating with a central V—shape
pointing anteriorly. This suture is located slightly anterior to the
midpoint of the intertemporal bar. The lateral and medial
processes of the frontal form an angle of 60 degrees with one
another (Fig. 10).

Squamosals. Only the left squamosal is preserved; however,
its dorsal surface is partially eroded. The squamosal forms the
posterolateral border of the supratemporal fossa (Figs. 3, 10). The
anterior process of the squamosal is short, and contacts the
postorbital forming the posterior part of the supratemporal arch.
This arch is markedly narrow, a characteristic of all thalattosu-
chians (e.g. [10]). Along its posteromedial edge (= medial process),
the squamosal contacts the parietal. The medial process is
orientated slightly posterolaterally, and is briefly exposed on the
occipital surface of the skull. The medial and lateral processes of
the squamosal meet at a nearly right angle (forming the
posterolateral corner of the supratemporal fossa).

The boundaries between the squamosal and the parietal,
exoccipital and quadrate are unclear; the sutural contacts are
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missing either due to fusion or poor preservation. The squamosal
has a distinct lateral subcircular surface, which is slightly
anterolateral to the paroccipital process (Fig. 11). This surface is
smooth and slightly concave, and is orientated posterolaterally
(Fig. 11). This morphology is also present in Cricosaurus araucanensis,
Metriorhynchus and Dakosaurus andiniensis [74].

Parietal. The parietal, as with all crocodylomorphs, has fused
into a single element [74] and forms the posterior and medial
margins of the supratemporal fossae, and together with the frontal
constitutes the intertemporal bar. The parietal constitutes slightly
more than 50% of the intertemporal bar. The intertemporal bar
becomes narrower along its length, so that the frontal contribution
is noticeably wider than the parietal contribution (Fig. 10). In
lateral view the intertemporal bar is convex, higher than the
anterior region of the frontal, and is the dorsal-most region of the
skull (Fig. 12). The anterior process of the parietal is narrow and
has a midline longitudinal groove on the dorsal surface, which
could be evidence of a midline suture (C'T' scanning will be needed
to confirm this). Posteriorly, the anterior process becomes
noticeably wider, and in dorsal view is triangular in shape with
a convex posterior margin (Fig. 10). The parietal has two lateral
processes that contact the squamosals, however, the sutures are
difficult to observe. In occipital view, the parietal contacts the
supraoccipital along its ventral margin (Fig. 3D).

Supratemporal fossae/fenestrae. Due to the infill of
matrix, the supratemporal fenestrae are obscured. The supratem-
poral fossae are large, forming most of the skull roof, and are
subtrapezoidal in shape. The margins of each fossa are formed
anteriorly by the frontal, anterolaterally by the postorbital,
posterolaterally by the squamosal and posteromedially by the
parietal (Fig. 10). The intratemporal flange [76] cannot be
observed due to matrix. The fossae are slightly shorter than the
orbits. The longest axis is anteromedially - posterolaterally
directed and is 10 cm long; the shortest axis is perpendicular to
the longest axis and is 7 cm long. The medial margins are 7.5 cm
long, and the posterior margins are 7 cm long. The minimum
distance between the fossae is located in the posterior third of the
intertemporal bar, and is less than 1 cm. Both the posterolateral
and posteromedial corners are rounded, and form acute and
obtuse angles, respectively; the anteromedial and anterolateral
corners form angles of approximately 60 and 120 degrees,
respectively. The squamosal-parietal bar (forming the posterior
margin) is slightly oriented posterolaterally, and it is lower than the
intertemporal bar (Fig. 12).

Preorbital fossae/fenestrae. Herein we follow hypothesis
two of Fernandez & Herrera [77], in which the antorbital cavities
are internalised in metriorhynchids. The openings classically
referred as the ‘“‘antorbital fenestrae” in this clade is in fact
neomorphic preorbital openings for the excretion of salt. These
openings are connected via ducts to a chamber that housed large
salt-glands (see [12], [13], [77], [78]). Both preorbital fenestrae are
bound by an elongate, narrow and obliquely orientated fossa,
which in turn are bound by the jugal, the lachrymal, the nasal and
the maxilla. The fenestrae themselves are bound by the lachrymals
and the nasals (Fig. 7).

Orbits. The orbits are oval, large, and are orientated
laterally. This is in contrast to the smaller, dorsolaterally oriented
orbits of teleosaurids (e.g. Steneosaurus leedsz; [10]), and the smaller
slightly more lateral orbits of basal metriorhynchoids (e.g.
Telerdosaurus calvadosi; NHMUK PV R2681). With a height of
6.5 cm, and maximal length of 10 cm, the orbits are larger than
the supratemporal fossae (7.5 cm long). The lengths of the orbits
are approximately 18% of basicranial length. As with all other
metriorhynchids, the prefrontals expand laterally over the dorsal
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Figure 11. Left posterolateral region of Maledictosuchus riclaensis gen. et sp. nov. holotype MPZ 2001/130a. A, detailed photograph of
the posterolateral region; B, interpretative drawing of the posterolateral region. Scale bar=3 cm. Dotted pattern represents broken regions.
Anatomical abbreviations: bt, basioccipital basal tubera; cq, cranioquadrate canal; ef, Eustachian foramen; eo, exoccipital; fm, foramen magnum; ic,
foramen for the internal carotid artery; oc, occipital condyle; oca, otic canal; pa, parietal; pop, paroccipital process; qu, quadrate; so, supraoccipital;

sqs, squamosal flat surface; stf, supratemporal fenestra.
doi:10.1371/journal.pone.0054275.g011

rim of the orbits (e.g. [10], [11], [14]). The anterior rim of the
orbits are bound by the prefrontal and the lachrymal; the ventral
rim is exclusively bound by the jugal; the posterior rim is bound by
the postorbital, and slightly by the ascending process of the jugal;
and the dorsal rim is bound by the prefrontal, frontal and the
postorbital (Fig. 12). As there is still matrix within the orbits, we
cannot determine the presence of sclerotic rings. In the Callovian
basal metriorhynchine Metriorhynchus superciliosus the sclerotic rings
are rarely preserved and never complete (e.g. GLAHM V983,
GLAHM V987; Hunterian Museum, Glasgow, United Kingdom).

Infratemporal fenestrae. The infratemporal fenestrae
(=laterotemporal fenestrae) are not well preserved. The quad-
ratojugals and the posterior process of the jugals, which together
bound the fenestrae ventrolaterally, are missing. Although these
bones are missing, the extent of the fenestrae seems to be small in
comparison with the orbits: their length would have been less than
half of the orbital length. In addition, their height would also have
been shorter than the orbital height (Fig. 12).

Jugals. The jugals are incomplete in MPZ 2001/130a. The
posterior processes of both left and right jugals are missing. The
ascending processes are very short, being largely indistinguishable
from the main body of the jugal. The ascending processes contact
the postorbitals (Fig. 12). The anterior processes are slender and
slightly compressed. Under the orbits, the jugals are distinctly
laterally compressed with an almost rectangular cross section.

5¢cm
I

Under the right orbit, the jugal is slightly undulate, probably due
to deformation. Anterior to the orbits, the anterior processes are
very slightly sigmoidal, although not as strongly sigmoidal as
Dakosaurus andiniensis [74]. The anterior processes extend further
anteriorly than the prefrontals and the lachrymals (Fig. 7). The
lachrymals contact the dorsal margin of the jugal anterior
processes, while the ventral margin contacts the maxillae. The
jugals lack conspicuous ornamentation and neurovascular foram-
ina.

Quadratojugals. Both of the quadratojugals are missing.

Postorbitals. Both postorbitals are preserved. In lateral view
(Fig. 12), both postorbitals are “I”-shaped, being composed of the
frontal process, squamosal process and the postorbital bar
(=descending process). The frontal process is anteromedially
directed, contacts the lateral process of the frontal and forms the
anterolateral part of the supratemporal fossa. The squamosal
process of the postorbital forms the lateral part of the
supratemporal arch, and contacts the squamosal. When observed
in lateral view, the postorbital is strongly arched, making it
noticeably concave on its dorsal surface. This results in the
supratemporal arch being significantly lower than the intertem-
poral bar.

The postorbital descends ventrally to form the postorbital bar,
and contacts the jugal through an undulating suture that is
posteroventrally to anterodorsally directed. The external surface of

Figure 12. Posterior region of Maledictosuchus riclaensis gen. et sp. nov. holotype MPZ 2001/130a in lateral view. Scale bar=5 cm.
Anatomical abbreviations: fr, frontal; itf, infratemporal fenestra; j, jugal; la, lachrymal; oca, otic canal; orb, orbit; pa, parietal; po, postorbital; prf,
prefrontal; qu, quadrate; sof, suborbital fenestra; sq, squamosal; sqs, squamosal flat surface; stf, supratemporal fenestra.

doi:10.1371/journal.pone.0054275.9g012
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the postorbital bar lacks ornamentation. The upper part of the
postorbital bar projects laterally, and together with the frontal
processes constitutes the widest part of the cranium. On the lateral
surface of the postorbital bar there is a ridge that extends onto the
squamosal process.

Supraoccipital. The supraoccipital is only exposed on the
occipital surface of the skull. Its external or occipital surface is
slightly concave. The supraoccipital contacts the parietal dorsally
(with a horizontal dentate suture) and the exoccipital ventrally by a
dentate suture. It is excluded from participating in the foramen
magnum by the exoccipital (Fig. 3D). Post-temporal openings
(= post-temporal fenestra; post-temporal foramen) on the occipital
surface of the skull are not present. The size and presence of these
openings are variable in metriorhynchids, even within species (see
[79]: 373).

Exoccipital. The occipital surface of the skull is broken, with
a large arched crack occurring dorsal to the occipital condyle. The
right portion of the exoccipital has not been preserved and has
been reconstructed. Whether due to preservation or fusion, the
sutures between the exoccipital and the basicranium are difficult to
observe. Dorsally, the exoccipital contacts the supraoccipital by a
gently concave dentate suture, and laterodorsally it contacts the
squamosals and parietal (Fig. 3D). There is a gentle rim below the
exoccipital-supraoccipital suture, just above the foramen magnum.
Ventrally, the exoccipital would have contacted the basioccipital.
However, due to post-mortem damage the sutures are unclear,
and it seems that the exoccipital was excluded from the occipital
condyle.

The exoccipital forms the greatest part of the occipital surface of
the skull. Dorsal to the paroccipital processes, it is slightly concave.
The left (and only preserved) paroccipital process is broken, but it
would have been orientated dorsolaterally at an approximate 45
degree angle (Fig. 3D). This is very different from that observed in
other Callovian metriorhynchids, such as Metriorhynchus superciliosus
(e.g. NHMUK PV R6859) and Gracilineustes leeds: (e.g. NHMUK
PV R3014) as they have horizontal paroccipital processes. The
skulls referred to “Metriorhynchus’ brachyrhynchus are generally very
strongly dorsoventrally compressed, but the left paroccipital
process of NHMUK PV R3804 has a slight dorsolateral
orientation. Dorsolaterally orientated paroccipital processes are a
characteristic of the subclade Rhacheosaurini (see supplementary
material and appendices of Young & Andrade [1]; Young et al.
[16]). The ventral surface of the paroccipital process forms a crest
that overhangs a recess for the cranioquadrate canal. The
cranioquadrate canal is elongated and obliquely oriented
(Fig. 11). The exoccipital extends ventrolaterally to this canal
and contacts the quadrate. The cranioquadrate canal is separated
from the otic canal by the exoccipital, quadrate and squamosal, a
condition also observed in other metriorhynchids (Dakosaurus,
Cricosaurus and Metriorhynchus; [74], [79], [80]). Additionally, the
exoccipital bears the foramen magnum, which is partially
preserved. Its maximum width is 13 mm. Ventrolateral to the
occipital condyle there are two large foramina (for the internal
carotid arteries) with a diameter of approximately 7 mm (Fig. 3D).
Preservation makes determining the positions of the foramina for
the cranial nerves difficult.

Quadrate. The left quadrate is nearly entirely missing and
the right quadrate is not complete (Fig. 3D). The quadrate
contacts the squamosal dorsally, the ventrolateral region of the
exoccipital posterodorsally, and closes the otic aperture (external
auditory opening). This region is best preserved on the left side
(Fig. 11). In ventral view, the quadrate contacts the pterygoid and
basisphenoid (Fig. 13).
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Figure 13. Posterior region of the palate of Maledictosuchus
riclaensis gen. et sp. nov. holotype MPZ 2001/130a. Scale
bar=1 cm. Anatomical abbreviations: bsf, basisphenoids; ef, Eustachian
foramen; ept, ectopterygoids; in, internal nares; itf, infratemporal
fenestra; oc, occipital condyle; pal, palatine; psf, parasphenoids; pt,
pterygoids; qu, quadrate; sof, suborbital fenestra.
doi:10.1371/journal.pone.0054275.9g013

Basioccipital. The basioccipital forms the ventromedial part
of the occiput. Due to the fracturing in this region, the sutures are
unclear. However, it would have contacted the exoccipital
dorsolaterally. As the sutures of basioccipital-exoccipital contact
are unclear, it seems as though the occipital condyle 1s formed
solely by the basioccipital. The occipital condyle is subcircular in
occipital view, and its neck is distinct, short and perpendicular to
the occipital plane. The basioccipital has two processes that extend
ventrolaterally that form the basal tubera (Fig. 3D). Between them,
the ventral margin is deeply notched along the midline. Anterior to
this is the Eustachian (= pharyngotympanic) foramen (Fig. 11).

Basisphenoid. The basisphenoid contacts the basioccipital
posteriorly, and forms the anterior part of the Eustachian foramen
(Fig. 13). The walls of the foramen converge anteriorly on the mid-
line forming a small double ridge. Anteriorly and laterally, the
basisphenoid unites with the pterygoids.

Palatines and internal nares. The palatines are exposed on
the palatal surface of the skull. They suture along the skull midline
and together with the palatal shelves of the premaxillac and
maxillae form the secondary palate. The palatines have two lateral
non-midline anterior processes in addition to a midline anterior
process. The two non-midline anterior processes are a metrior-
hynchine apomorphy [1]; however, Maledictosuchus riclaensis is the
only known specimen that has these two lateral processes and a
third midline process as well (Fig. 8). The lateral, non-midline,
processes originate at the anterior border of the suborbital
fenestrae, and remain separate from the alveolar borders.
Anteriorly, the three processes meet the palatal branches of the
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maxillae approximately level to the 18™ maxillary alveoli, and the
palatal branches of the maxillae reach posteriorly approximately
level to the 20" maxillary alveoli. Posteriorly, the palatines delimit
the anterior margins of the internal nares, and posterolaterally
form the medial borders of the suborbital fenestrae (Fig. 13). There
are two long grooves (one on each side of the central suture)
parallel to the anteroposterior axis of the skull (Fig. 8).

The anterior margin of the internal nares is formed by the
palatines (that enclose the nares ventrally) and is W-shaped.
Posterodorsally the internal nares are enclosed by pterygoid
ventral surface (Fig. 13). The surface of the pterygoid is ventrally
concave not at the same level as the anterior margin of the
choanae (in ventral view it is deeper than palatine surface), and
therefore the choanae are posteriorly open.

Pterygoids. The pterygoids are exposed on the palatal
surface. They are fused into a single element. The palatal surface
1s large, rounded and deeply concave. Along their anterior margin,
the pterygoids contact the palatines. The pterygoids form the
lateral and dorsal walls of the choanae (Fig. 13). The internal nares
are filled with sediment and it is not possible to determinate the
anterior extension of the pterygoids within the nasopharyngeal
canal. Along the posterior margin, the pterygoids contact the
basisphenoid, and posterolaterally they contact the quadrates
(Fig. 13). On both sides of the choana are the pterygoid flanges,
which are horizontally orientated and form the posteromedial
borders of the suborbital fenestrae. The pterygoid flanges contact
the ectopterygoids; however, the sutures between these two
elements are unclear (Fig. 13).

Parasphenoid. There is a small double pterygoid ridge on
the midline (Fig. 13). According to Andrews [10] this structure is
the parasphenoid. Whether this determination is correct must
await further study and CT-scanning.

Ectopterygoids. The ectopterygoids are thin bones, only
visible in palatal view, that separate the suborbital fenestrae from
the infratemporal fenestrae (Fig. 13). While the sutures are
unclear, the ectopterygoids contact the pterygoids medially and
the jugals laterally.

Suborbital fenestrae. The suborbital fenestrae are elongat-
ed and teardrop-shaped, pointing anteriorly. The anteroposterior
length of each fenestra is approximately 9 cm and its maximal
width 3.5 cm. The fenestrae begin approximately level to the 27™
maxillary alveoli, and do not extend anterior to the orbits. Their
medial borders are formed by the palatines, while their lateral
borders are formed by the maxillaec and jugals, and the posterior
borders by the ectopterygoids and pterygoids (Figs. 3C, 13).

The dentaries are well preserved, including the
mandibular symphysis. The alveolar border and the tip of the
symphysis are eroded, and the morphologies of the alveoli are
badly preserved. According to Vignaud [28], the number of teeth
anterior to the splenial is a good indicator of the total number of
teeth. As 21 alveoli are adjacent to the mandibular symphysis, and
thirteen anterior to the splenials, we estimate that the dentaries
would have had 26-27 teeth. The alveoli are irregularly spaced.
The anterior dentary teeth are partially preserved. They are
procumbent, conical, without carina and lingually curved. Further
back in the tooth row there are incomplete teeth, which preserve
regions of enamel. All teeth have apicobasally aligned ridges. The
posterior alveoli are larger and labiolingually compressed (Fig. 14).

Furthermore, there are reception pits on the dentary that are in-
line with the alveoli (and positioned between them). Most of the
reception pits are small and subcircular, but some are pronounced
(as grooves), especially between the fifth and sixth, and sixth and
seventh right dentary alveoli.

Dentaries.
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Splenials. The splenials form the dorsal-posterior region of
the mandibular symphysis, terminating anteriorly level to the 14
dentary alveoli (Fig. 14).

Dentition: tooth morphology. The dentition of MPZ 2001/
130a is poorly preserved, but the variation in alveolar morphology
along the tooth row suggests heterodonty (Fig. 6). The three
premaxillary teeth are slightly procumbent, especially PM1. The
four anterior-most maxillary alveoli are larger and mediolaterally
compressed. At the mid-snout the alveoli are subcircular and
subequal in size. The five posterior-most maxillary alveoli are
smaller, circular, and very closely packed. Along the dentary tooth
row the teeth (visible either on the teeth sections or on the alveoli)
become larger and more mediolaterally compressed. The dentary
teeth are also procumbent, the anterior teeth are subcircular and
outwardly orientated, while the more posterior teeth are medio-
laterally compressed and less outwardly orientated. The interal-
veolar spaces are irregular in size in both the maxilla/premaxilla
and the dentary.

All teeth lack carinae (i.e. no keel). The tooth crowns are not
enlarged (smaller than 3 cm), lack apicobasal facets on the labial
surface (see [1], [81]) and are oval in cross-section. As with all
other thalattosuchians (e.g. Stencosaurus leeds:: NHMUK PV R3806;
Metriorhynchus superciliosus: GLAHM V1141; “Metriorhynchus” bra-
chyrhynchus: NHMUK PV R3804; Dakosaurus maximus: SMNS 8203,
SMNS 82043), the teeth are single cusped. There is no constriction
present at the crown/root junction, but the boundary is evident
due to colour and texture.

Dentition: type of occlusion. In Maledictosuchus riclaensis
there are reception pits (caused by the dentary tooth crowns) along
the maxillary tooth row, and along the dentary tooth row (caused
by maxillary teeth) (Fig. 9). In the upper jaw the reception pits are
between the maxillary alveoli. Up to M11 they are offset laterally;
and between M18 and M25 (posterior to a region badly preserved)
the reception pits are smaller and offset medially (Fig. 6). On the
lower jaw, the reception pits are in-line between the dentary
alveoli (Fig. 14). This arrangement of reception pits is unique in
Metriorhynchidae with the presence of: (1) vertically orientated
maxillary teeth (although the anterior-most are slight procum-
bent), as evidenced by the in-line dentary reception pits; (2)
procumbent and outwardly orientated dentary crowns, as
evidenced by the laterally-offset reception pits on the anterior-
region of the maxillae; and (3) vertically orientated posterior
dentary crowns, as evidenced by the medially-offset reception pits
on the posterior-region of the maxillae (Fig. 9).

Dentition: ornamentation, Tooth
enamel ornamentation is composed of apicobasally aligned ridges.
The ornamentation on a replacement tooth (D8) is conspicuous
and well defined, however on other teeth the ridges are of lower
relief. As there are no completely preserved tooth crowns, we
cannot determine how the ornamentation varies along the crown
or if these ridges are continuous or discontinuous; however, in
other metriorhynchid species these ridges do not continue along
the entire length of the crown [18], [81]. The enamel ornamen-
tation has no contribution from the underlying dentine (Fig. 15).
Split or supernumerary carinae were not found on any tooth, nor
is there any evidence for true, or false-ziphodont serrations.

carinae and wear.

Phylogenetic Results

In the first (unordered) phylogenetic analysis, 8 most parsimo-
nious cladograms were recovered (length=638, CI=0.497,
RI=0.857, RC=0.426). The topology of the strict consensus
(Fig. 16) is identical to that of Young et al. [43] with the exception
of the inclusion of Maledictosuchus riclaensis. 'The unordered analysis
results in a large polytomy at the base of Rhacheosaurini just as in
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Figure 14. Dentary of Maledictosuchus riclaensis gen. et sp. nov. holotype MPZ 2001/130a. Scale bar=5 cm. A-B, dorsal view photograph
and interpretative drawing; C, lateral view. Stripped pattern represents rebuilt mastic surfaces and teeth; grey colored circles represent empty alveoli
(teeth are not preserved); circles with broken line represent reception pits. Anatomical abbreviations: al, alveolus; den, dentary; rp, reception pits; sp,

splenial.
doi:10.1371/journal.pone.0054275.g014

Young et al. [43). Maledictosuchus riclaensis is recovered within this
polytomy.

The second (ordered) phylogenetic analysis returned 194 most
parsimonious cladograms (length =679, CI=0.473, RI=0.860,
RC=0.407). The strict consensus had a significant loss of
resolution among the non-metriorhynchid species in the ordered
analysis compared to the unordered analysis. However, the

1cm

A

Figure 15. Close-up on a tooth of Maledictosuchus riclaensis gen.
et sp. nov. holotype MPZ 2001/130a. A, dentary in right lateral
view; B-C close-up on a replacement tooth (D8), with well preserved
enamel and conspicuous ornamentation. Scale bar A=1cm; B-
C=2 mm. Anatomical Abbreviations: al, alveolus; de, dentine; den,
dentary; en, enamel; rp, reception pits; rt, replacement tooth.
doi:10.1371/journal.pone.0054275.g015
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phylogenetic relationships within Rhacheosaurini are significantly
more resolved, in stark contrast to the polytomy recovered in the
unordered analysis. Maledictosuchus is found to be the basal-most
member of Rhacheosaurini (Fig. 17). The position of Maledicto-
suchus within Rhacheosaurini is well supported as it shares the
following rhacheosaurin synapomorphies:

Posterior retraction of the external nares (Character 7:3)

2)  Presence of a premaxillary septum (Character 9:1)

3)  Frontal-postorbital suture lower than the intertemporal bar
(Character 60:1)

4)  Infratemporal fenestra shorter in length than the orbit
(Character 86:2)

5)  Uncarinated teeth (Character 167:0)

6)  Paroccipital processes dorsolaterally inclined (Character

104:1; see below)

The clade Rhacheosaurini has numerous post-cranial apomor-
phies. However, Maledictosuchus riclaensis only preserves three
vertebrae. As such, we cannot determine whether the currently
known rhacheosaurin post-cranial apomorphies define the entire
clade, or a more inclusive subclade. We have chosen to retain all
the post-cranial apomorphies in the diagnosis of Rhacheosaurini
(see above), but only future discoveries including the post-cranial
skeleton of Maledictosuchus or other basal rhacheosaurins can
elucidate this subject.

Interestingly, the evolutionary relationships within Rhacheo-
saurini are now less well-resolved than in previous analyses. All
previous incarnations of this dataset that included both Rhacheo-
saurus gractlhs and Metriorhynchinae indet. from Cuba (USNM
419640) have found USNM 419640 to be basal to Rhacheosaurus
[1], [15]. This relationship however, was based on a single
character: character 104, in which USNM 419640 is coded [0],
whereas all other rhacheosaurins are coded [1] (this character
describes the re-orientation of the paroccipital processes from
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Figure 16. Strict consensus of 8 most parsimonious cladograms of 638 steps, showing the phylogenetic relationships of
Maledictosuchus riclaensis gen. et sp. nov. within Metriorhynchidae when all characters are unordered. Ensemble consistency index,
Cl=0.497; ensemble retention index, RI=0.857; rescaled consistency index, RC=0.426. Numbers over lines represent Bremer support values.
Numbers under lines represent bootstrap values (only values over 50% represented). The topology is identical to that of Young et al. [43].
Maledictosuchus riclaensis gen. et sp. nov. is recovered in a large politomy at the base of the tribe Rhacheosaurini.

doi:10.1371/journal.pone.0054275.9016

being horizontal [0] to dorsolaterally inclined [1]). Maledictosuchus,
here found to be basal to both taxa, shares the derived condition
with all other Rhacheosaurini (it has the paroccipital process
dorsolaterally oriented at a 45 degree angle). This suggests that the
horizontal orientation of the paroccipital processes in USNM
419640 is either a reversal or the specimen was incorrectly coded
(a possibility as the skull is poorly preserved, especially in that
region, and the acid preparation it received further damaged the
specimen).
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Discussion

Based on the description and phylogenetic analysis presented
above, we show that MPZ 2001/130a is
Maledictosuchus riclaensis gen. et sp. nov. is characterized by a
unique combination of characters (see Diagnosis).

a new taxon.

Comparative anatomy
Maledictosuchus riclaensis can be swiftly identified as a metrior-
hynchid due to its large, ellipsoid orbits that are lateral in position;

January 2013 | Volume 8 | Issue 1 | 54275



[~ Postosuchus kirkpatricki
1 Terrestrisuchus gracilis
E'V‘l_[Hesperosuchus agilis
- Dromicosuchus grallator
[~ Protosuchus
[~ Pholidosaurus
[~ Uberabasuchus terrificus 2

[ Montealtosuchus arrudacamposi

[~ Mahajangasuchus insignis

[~ Araripesuchus patagonicus

[~ Susisuchus anatoceps

2 [~ Eutretauranosuchus delfsi

75 [~ Calsoyasuchus valliceps
Sebecus icaeorhinus
Hamadasuchus rebouli o4

1 Goniopholis simus
Goniopholis stovalli

2 Theriosuchus guimarotae

Alligatorium

[~ Isisfordia duncani

85 |3 Alligator mississippiensis
W%[Crocodylus niloticus

Crocodylus porosus

70 |4 Notosuchus terrestris

92 |2 Sphagesaurus
Mariliasuchus amarali
Adamantinasuchus navae

[~ Pelagosaurus typus
Steneosaurus bollensis
Platysuchus multiscrobiculatus
Teleosaurus cadomensis
Steneosaurus leedsi
Steneosaurus megistorhynchyus
Steneosaurus edwardsi
“Steneosaurus” obtusidens
Machimosaurus hugii
66 —Machimosaurus mosae
Teleidosaurus calvadosii
Eoneustes gaudryi
Eoneustes bathonicus
Oregon metriorhynchoid
Chile metriorhynchoid

METRIORHYNCHIDAE

—Baurusuchus 2

2 Gracilineustes acutus

New Genus of Rhacheosaurin Metriorhynchid

METRIORHYNCHIDAE

“Metriorhynchus” brachyrhynchus
Geosaurine indet. (Argentina)
“Metriorhynchus” westermanni
“Metriorhynchus” casamiquelai
Neptunidraco ammoniticus

Plesiosuchus manselii
Torvoneustes carpenteri
Dakosaurus maximus
Dakosaurus andiniensis
Geosaurus lapparenti
Geosaurus grandis
63 ~Geosaurus giganteus

L
<
=
o
=
<C
0%,
o
Ll
O

[~ Metriorhynchus superciliosus

1 [ Metriorhynchus geoffroyii
3 Metriorhynchus sp. (France)
6

Metriorhynchus hastifer
1_|:Gracfﬁneustes leedsi
62

Maledictosuchus riclaensis
Metriorhynchidae indet. (Cuba)
Rhacheosaurus gracilis
Cricosaurus sp. (Cuba)
Cricosaurus saltillense
Cricosaurus suevicus
Cricosaurus elegans
Cricosaurus vignaudi
Cricosaurus gracilis
Cricosaurus araucanensis
Cricosaurus schroede,
Cricosaurus macrospi

METRIORHYNCHINAE

Rhacheosaurini

Figure 17. Strict consensus of 194 most parsimonious cladograms of 679 steps, showing the phylogenetic relationships of
Maledictosuchus riclaensis gen. et sp. nov. within Metriorhynchidae with forty ordered characters (see methods section for complete
list of ordered characters). Ensemble consistency index, Cl=0.473; ensemble retention index, RI=0.860; rescaled consistency index, RC =0.407.
Numbers over lines represent Bremer support values. Numbers under lines represent bootstrap values (only values over 50% represented). Ordering
forty multistate characters (see methods) resulted in a loss of resolution among non-metriorhynchids, but significantly improved the resolution within
Rhacheosaurini. Maledictosuchus riclaensis gen. et sp. nov. is recovered as the basal-most member of this tribe.

doi:10.1371/journal.pone.0054275.g017

the enlarged prefrontals that overhang the anterior portion of the
orbits; the lachrymals being restricted to the lateral margin of the
skull; intertemporal bar that is wider anteriorly (at the frontal
contribution) than posteriorly (at the parietal); and the frontal-
postorbital suture being “V-shaped” and directed posteriorly. It
can be referred to the Metriorhynchinae as it has the following
features: long and tubular rostrum; high maxillary tooth count
(>20 per maxilla); procumbent teeth; small lachrymals (less than
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40% of orbit height); and the palatines have two lateral, non-
midline anterior processes.

Within Metriorhynchinae Maledictosuchus riclaensis is found to be
the basal-most known member of Rhacheosaurini. It shares with
all other rhacheosaurins six synapomorphies (see Phylogenetic
Results). Interestingly, Maledictosuchus riclaensis shares some cranial
characteristics with basal metriorhynchines such as Metriorhynchus
and Gracilineustes: greater proportion of the premaxilla posterior to
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the external nares, and the prefrontals are larger and expand
further laterally than other rhacheosaurins. As such, Maledictosuchus
riclaensis has a mosaic of derived and basal metriorhynchine
craniofacial characteristics.

The angle between medial and lateral posterior processes of the
frontal is acute (~60 degrees), this morphology is similar to derived
species within Metriorhynchus (the Late Jurassic M. hastifer 32]), and
derived geosaurines (such as Neptunidraco ammoniticus and many
species within Geosaurini; [17], [43]). However, derived rhacheo-
saurins, such as Cricosaurus, have a more acute angle of ~40-45
degrees [1], [14], [76]. This again supports Maledictosuchus riclaensis
as an intermediate between basal metriorhynchines and derived
rhacheosaurins. As with derived geosaurines (Neptunidraco, Torvo-
neustes, Geosaurus and Dakosaurus; [17], [43]) the interorbital frontal
width of Maledictosuchus riclaensis is subequal to the width of one
supratemporal fossa. However, in those taxa this morphology is
formed by the expansion of the supratemporal fenestrae; by
contrast, in Maledictosuchus riclaensis the orbits excavate a deeper
supraorbital curve than in other metriorhynchines, thus narrowing
the frontal.

Compared to the contemporaneous metriorhynchids in the
Oxford Clay Formation (OCF) of England Maledictosuchus riclaensis
is distinct (Table 1). It shares a very high tooth count with
Gracilineustes leedsi (>30 teeth per maxilla and 18-20 dentary teeth
adjacent to the mandibular symphysis). However, Maledictosuchus
riclaensis lacks the characteristic smooth cranial bones (including a
smooth frontal) of G. leedsi ([10]; NHMUK Leeds Collection). This
high tooth count is noticeably higher than the other OCF species
(Maledictosuchus riclaensis tooth count has approximately five more
teeth than the upper maximum of Metriorhynchus superciliosus for
both the upper and lower jaws; Table 1). Furthermore, all OCF
species have dentition that is bicarinate (continuous carinae on the
mesial and distal margins; [18], Table 1), whereas Maledictosuchus
riclaensis lacks carinae. The geosaurine species can be further
distinguished as their carinae possess true denticles [18]. The
orientations of the paroccipital processes are horizontal in the
OCF species (although as noted above, that could be due to
preservation, especially for “Metriorhynchus™ brachyrhynchus), whereas
they are dorsolaterally inclined in AMaledictosuchus riclaensis. The
palatine of Maledictosuchus riclaensis is also distinct, as it not only
possesses the two lateral, non-midline anterior processes seen in
Metriorhynchus superciliosus and G. leedst [43], but has a third midline
process as well (Fig. 8). The geosaurine “Metriorhynchus” brachyr-
hynchus only has a midline anterior process of the palatine [10].
The internal nares are divided by a septum, giving the anterior
margin of the choanae a “W-shape” with its base directed
anteriorly, much like “Metriorhynchus brachyrhynchus ([10]; however
it must be noted that the palates of OCF metriorhynchids are
rarely well-preserved and this morphology could be present in M.
superciliosus and G. leedsi). Finally, the nasal cavity of Maledictosuchus
riclaensis is divided by a premaxillary septum resulting in the
external nares being orientated more laterally than in the OCF
species (there are no rhacheosaurins in the OCF).

Marine specialisation in Rhacheosaurini

Within Rhacheosaurini there is a suite of cranial characteristics
that Young et al. [14] hypothesized were linked to increasing
marine specialization: 1) external nares that are divided by a
midline premaxillary septum, 2) posterodorsal retraction of the
external nares, and 3) posterior reorientation of the lateral
processes of the frontal, and the consequent formation of an
acute angle between the medial and lateral processes of the frontal.
The divided external nares is hypothesized to be an adaptation for
more efficient respiratory airflow [20], while the posterodorsal
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retraction of the external nares is observed in clades with sustained
swimmers (e.g. ichthyosaurs and cetaceans; see [82] and references
therein). The re-orientation of the lateral processes of the frontal is
involved in cranial streamlining [14], [76]. These three charac-
teristics are, to a greater or lesser degree, exhibited by
Maledictosuchus  riclaensis, and are absent in contemporaneous
OCF species (Table 1; [10]; [14]; NHMUK Leeds Collection).
Prior to the discovery of Maledictosuchus riclaensis, the oldest known
metriorhynchid that exhibited this suite of adaptations was the
Late Kimmeridgian Cricosaurus suevicus [11], [70]. As such, the
evolution of greater marine specialization and the shift towards a
mesopelagic, open-sea, lifestyle began approximately 10 Ma
earlier than previously supposed during the Middle Jurassic
(Middle Callovian).

Specialised piscivory/teuthophagy in Rhacheosaurini

Recent analyses based on the evolution of skull strength in
metriorhynchids have shown that rhacheosaurins had low strength
skulls not suited to feeding on large-bodied prey [14], [16], [83].
Furthermore, most species within this group have an elongate,
tubular rostrum, with procumbent and non-carinated dentition,
and a high overall tooth count. However, Tithonian specimens of
Cricosaurus  saltillense [21] and  Cricosaurus sp. [19], and the
Valanginian species Cricosaurus macrospondylus [20], had carinated
and more vertically orientated dentition. In most rhacheosaurins,
the lack of cutting edges on the dentition, the teeth orientated
forward in the mouth and a tubular low-strength rostrum is in
marked contrast to the contemporaneous subclade Geosaurini
which had: high-strength brevirostrine-mesorostrine rostra, cari-
nated and serrated dentition, vertically orientated tooth crowns
positioned to maximize shear, a low overall tooth count (<15 teeth
per maxilla and dentary) and an increased gape [14], [16], [18],
[43], [81], [83], [84]. The stark difference in craniodental
morphologies between these two subclades has led to hypotheses
of niche partitioning and ecological specialization, with rhacheo-
saurins more suited to feeding on small, fast moving prey [14],
[16], [83], [85]. While basal metriorhynchines such as Adetrior-
hynchus superciliosus and Gracilineustes leedst are similar in having a
high tooth count and a tubular rostrum (Table 1), Maledictosuchus
riclaensis 1s the oldest known metriorhynchine with non-carinated
teeth.

Moreover, as with other rhacheosaurins, Maledictosuchus riclaensis
shares a more verticalised squamosal, and dorsolaterally inclined
paroccipital processes [14]. We hypothesise that these adaptations
would have resulted in increased fibre lengths for the M. depressor
mandibulae, and thus increased jaw-closing velocity. Such an
adaptation would have facilitated capture of small, fast-moving
prey.

The occlusion mechanism of Maledictosuchus riclaensis 1s unique
among metriorhynchids, as it combines tightly-packed vertically
orientated/slightly procumbent upper jaw teeth with procum-
bent/outwardly orientated lower jaw teeth. Coupled with the
tubular rostrum and non-carinated teeth, these features suggest
that this species had an occlusion mechanism adapted for impaling
and securely holding small prey items (such as fish and
cephalopods). Another Callovian species (see Table 1), the “Mr
Leeds’ specimen” (GLAHM V972, the new generic name is
currently in press), also has maxillary teeth that are ‘in-line locking’
(with in-line reception pits between the dentary alveoli); however,
this taxon has enlarged dentition that is both carinated and
serrated, and has an increased gape [18]. A third Callovian
species, “Metriorhynchus” brachyrhynchus, has pronounced reception
pits on the lateral margins of the dentary created by the upper jaw
dentition [18]. It would appear that the high species diversity of
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metriorhynchids in the Callovian of Europe co-occurs with a high
diversity of craniodental morphologies and distinct occlusion
mechanisms, thereby enabling niche partitioning and ecological/
trophic specialisation.

Callovian diversification of metriorhynchids

Based upon recent re-examination of fossil specimens from the
Callovian of Europe, the key craniodental adaptations that
characterize the derived Geosaurini and Rhacheosaurini evolved
during the Middle Jurassic. The description of the “Mr Leeds’
specimen” (GLAHM V972) has highlighted that the adaptations
that underpinned the success of the large-bodied macrophagous
Geosaurini in the Late Jurassic and Early Cretaceous first
appeared during the Callovian [18]. Here, we have shown that
the craniodental morphologies that underpinned the success of
Rhacheosaurini in the Late Jurassic and Early Cretaceous (from
Increasing marine specialization to adaptations for feeding on
small-bodied prey) also first appeared during the Callovian.

Of all the marine Callovian formations of Europe, the OCF is
the best represented and most studied. The ecosystem is
dominated by Metriorhynchus superciliosus (with 50+ specimens),
while Gracilineustes leeds: is known from approximately 12 specimens
([10]; NHMUK Leeds Collection and GLAHM Leeds Collection).
The short/broad-snouted species “Metriorhynchus™ brachyrhynchus,
“Mr Leeds’ specimen” and Suchodus durobrivensis are collectively
known from approximately 20 individuals [18]. Note that the
validity of these species is currently being investigated by one of us
MTY). In the OCYF Maledictosuchus riclaensis is absent. In the
Oxford Clay Sea, basal rhacheosaurins and geosaurins were
curiously rare/absent. It would appear that the feeding/marine
adaptations both groups evolved did not confer immediate
selective advantage upon them, and it took until the Late Jurassic
for these two subclades to dominate in Western Europe [14].
However, another possibility is that the sister taxa and basal
members of the subclades Geosaurini and Rhacheosaurini were
more common, and radiated, in deeper water. Possible evidence
for this is Neptunidraco ammoniticus, a Bajocian/Bathonian taxon
known from the Tethys Ocean. Neptunidraco is the oldest known
metriorhynchid with a streamlined skull (posterolaterally re-
orientated lateral processes of the frontal); with a skull more
streamlined than most younger Callovian species [17].

Whether the Late Jurassic-Early Cretaceous dominance of
Rhacheosaurini and Geosaurini was due to selective advantage
and out-competing more basal metriorhynchids or due to
opportunistic replacement after climatic shifts (e.g. of sea
temperature, sea level and/or marine fauna) currently cannot be
determined.
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Conclusions

Upon re-examination of an understudied skull from the
Callovian of Spain, the morphological and taxonomic diversity
of Middle Jurassic metriorhynchids is found to be greater than
previously realised. The phylogenetic analysis presented here
clearly shows that the new species we describe is the basal-most
member of Rhacheosaurini, a lineage of increasingly mesopelagic
piscivores. Herein we emend the diagnosis for this clade.

Maledictosuchus riclaensis gen. et sp. nov. represents a morpho-
logical intermediate between basal metriorhynchines and the
derived Late Jurassic members of Rhacheosaurini, possessing a
mosaic of basal and derived craniodental characteristics. While it
is a morphologically intermediate, it was contemporaneous in age
with the basal metriorhynchines of Europe (M. superciliosus and G.
leeds). Maledictosuchus riclaensis is the oldest known rhacheosaurin,
and is currently the oldest and best preserved metriorhynchid
specimen from the Iberian Peninsula. Alongside with the recent
description of the “Mr Leeds’ specimen” from the Callovian of
England, we now have evidence that the evolution of derived
metriorhynchids (subclades Geosaurini and Rhacheosaurini)
began during the Middle Jurassic. While their craniodental
morphologies evolved in a mosaic manner, the key adaptations
that enabled their evolutionary radiations in the Late Jurassic (e.g.
cranial streamlining, feeding related dentition characters) first
appear approximately 10 million years earlier.

Supporting Information

Text S1 Character by taxon matrix used in the phylo-
genetic analysis (tnt file).
(TXT)

Acknowledgments

We would like to thank Museo Paleonotolégico de la Universidad de
Zaragoza for the facilities given during the study of the specimen, which is
on permanent exhibition. We also thank to J. Colmenar and P. Cruzado-
Caballero (Universidad de Zaragoza) for their help taking the photographs
and Z. Herrera (Universidad de Zaragoza) for taking the photographs of
figure 3. We would also like to thank R. Butler, J.I. Ruiz-Omefaca and an
anonymous reviewer whose comments improved the quality of this paper.

Author Contributions

Conceived and designed the experiments: JP-B JIC. Performed the
experiments: JP-B JIC MTY. Analyzed the data: JP-B JIC MTY MM-A.
Contributed reagents/materials/analysis tools: JP-B JIC MTY MM-A.
Wrote the paper: JP-B JIC MTY MM-A.

7. Buffetaut E (1987) A Short History of Vertebrate Palaecontology. London:
Croom Helm. 223 p.

8. Langstom W (1973) The crocodilian skull in historical perspective. In: Gans C,
Parson TS, editors. Biology of the Reptilia, Vol. 4. London: Academic Press. pp.
263-284.

9. Steel R (1973) Crocodylia. Handbuch der Palidoherpetologie, Teil 16. Stuttgart:

Gustav Fischer Verlag. 116 p.

. Andrews CW (1913) A Descriptive Catalogue of the Marine Reptiles of the
Oxford Clay, Part Two. London: British Museum (Natural History). 285 p.

. Fraas E (1902) Die Meer-Krocodilier (Thalattosuchia) des oberen Jura unter
specieller berticksichtigung von Dacosaurus und Geosaurus. Paleontographica 49:
1-72.

. Fernandez M, Gasparini Z (2000) Salt glands in a Tithonian metriorhynchid
crocodyliform and their physiological significance. Lethaia 33: 269-276.

. Fernandez M, Gasparini Z (2008) Salt glands in the Jurassic metriorhynchid
Geosaurus: implications for the evolution of osmoregulation in Mesozoic
crocodyliforms. Naturwissenschaften 95: 79-84.

. Young MT, Brusatte SL, Ruta M, Andrade MB (2010) The evolution of

Metriorhynchoidea (Mesoeucrocodylia, Thalattosuchia): an integrated approach

January 2013 | Volume 8 | Issue 1 | 54275



20.

21.

22.

23.

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

using geometrics morphometrics, analysis of disparity and biomechanics.
Zool J Linn Soc 158: 801-859.

. Young MT, Bell MA, Andrade MB, Brusatte SL (2011) Body size estimation and

evolution in metriorhynchid crocodylomorphs: implications for species diversi-
ficiation and niche partitioning. Zool J Linn Soc 163: 1199-1216.

. Young MT, Bell MA, Brusatte SL (2011) Craniofacial form and function in

Metriorhynchidae (Crocodylomorpha: Thalattosuchia): modelling phenotypic
evolution with maximum likelihood methods. Biol Lett 7: 913-916.

. Cau A, Fanti F (2011) The oldest known metriorhynchid crocodylian from the

Middle Jurassic of North-eastern Italy: Neptunidraco ammoniticus gen. et sp. nov.
Gondwana Res 19: 550-565.

. Young MT, Andrade MB, Brusatte SL, Sakamoto S, Liston J (In press) The

oldest known metriorhynchid super-predator: a new genus and species from the
Middle Jurassic of England, with implications for serration and mandibular
evolution in predacious clades. J Syst Palacontol.

. Rieppel O (1979) Ein Geosaurus-fragment (Reptilia, Thalattosuchia) aus dem

oberen Malm von Evilard bei Biel. Burgergemeinde Bern Naturhistorisches
Museum Jahrbuch 7: 277-286.

Hua S, Vignaud P, Atrops F, Clément A (2000) Enaliosuchus macrospondylus Koken
1883 (Crocodylia, Metriorhynchidae) du Valanginien de Barret-le-Bas (Hautes
Alpes, France): un cas unique de remontée des narines externes parmi les
crocodiliens. Geobios 33: 467-474.

Buchy MC, Young MT, Andrade MB (In press) A new specimen of Cricosaurus
saltillensis (Crocodylomorpha: Metriorhynchidae) from the Upper Jurassic of
Mexico: evidence for craniofacial convergence within Metriorhynchidae.
Oryctos.

Buchy M-C (2008) New occurrence of the genus Dakosaurus (Reptilia,
Thalattosuchia) in the Upper Jurassic of north-eastern Mexico with comments
upon skull architecture of Dakosaurus and Geosaurus. N Jahrb Geol Paldontol Abh
249: 1-8.

Frey E, Buchy MC, Stinnesbeck W, Lépez-Oliva JG (2002) Geosaurus vignaudi
n.sp. (Crocodyliformes: Thalattosuchia), first evidence of metriorhynchid
crocodilians in the Late Jurassic (Tithonian) of central-cast Mexico (State of
Puebla). Can J Earth Sci 39: 1467-1483.

. von Meyer CEH (1831) Neue fossile Reptilien aus der Ordung der Saurier.

Nova Acta Academiae Leopoldino-Carolinae, Curios 15: 173-184.

. Bardet N (1994) Extinction events among Mesozoic marine reptiles. Hist Biol 7:

313-324.

Phansalkar VG, Sudha G, Khadkikar AS (1994) Giant marine reptilian skulls
from the Jurassic of Kachchh, Gujarat. Current Sci 67: 460-461.

Ochev VG (1981) Marine crocodiles in the Mesozoic of the region along the
Volga. Priroda Moscou 5(789): 103 (in Russian).

Vignaud P (1995) Les Thalattosuchia, crocodiles marins du Mésozoique:
Systématique, phylogénie, paléoécologie, biochronologie et implications paléo-
géographiques. Unpublished PhD thesis. Poitiers: Université de Poitiers. 245 pp.
Grange DR, Benton MJ (1996) Kimmeridgian metriorhynchid crocodiles from
England. Palacontology 39: 497-514.

Gasparini Z, Chong G (1977) Metriorhynchus casamiquelar n. sp. (Crocodylia,
Thalattosuchia), a marine crocodile from the Jurassic (Callovian) of Chile, South
America. Neues Jahrb Geol Palaontol 153: 341-364.

Gasparini Z, Paulina-Carabajal A, Chong G (2008) Un nuevo espécimen de
cocodrilo marino del Jurasico Medio del norte de Chile: revalidacion de
Metriorhynchus westermanni (Crocodyliformes: Metriorhynchidae). Rev Geol Chile
35: 335-346.

Lepage Y, Buffetaut E, Hua S, Martin JE, Tabouelle J (2008) Catalogue
descriptif, anatomique, géologique et historique des fossiles présentés a
Pexposition “Les Crocodiliens fossiles de Normandie” (6 novembre—14
décembre 2008). Bull Soc Géol Normandies Amis Mus Hayre 95:5-152.
Pereda Suberbiola X, Ruiz-Omeiiaca JI, Canudo JI, Torcida F, Sanz JL (2012)
Dinosaur faunas from the Early Cretaceous (Valanginian — Albian) of Spain. In:
Godefroit P, editor. Bernissart Dinosaurs and Early Cretaceous Terrestrial
Ecosystems. Bloomington: Indiana University Press. pp. 379-408.

Canudo JI, Ruiz-Omeriaca JI, Aurell M, Barco JL, Cuenca-Bescos G (2006) A
megatheropod tooth from the late Tithonian-lower Berriasian (Jurassic-
Cretaceous transition) of Galve (Aragon, NE Spain). Neues Jahrb Geol
Palaontol Abh 239: 77-99.

. Royo-Torres R, Cobos A, Luque L, Aberasturi A, Espilez E, et al. (2009) High

European sauropod dinosaur diversity during Jurassic-Cretaccous transition in
Riodeva (Teruel, Spain). Palacontology 5: 1009-1027.

Quesada JM, de la Fuente M, Ortega F, Sanz JL (1998) Bibliografia del registro
esparfiol de vertebrados mesozoicos. Bol R Soc Esp Hist Nat Secc Geol 94: 101—
137.

Bardet N, Pereda Suberbiola X, Ruiz-Omefiaca JI (2008) Mesozoic marine
reptiles from the Iberian Peninsula. Geo-Temas 10: 1245-1248.

Martinez RD, Garcia-Ramos JC, Ibanez Sarmiento I (1995) El primer
Crocodylia (Mesosuchia: Teleosauridae) del Jurasico Superior de Asturias,
Espafia. Naturalia patagonica. Ciencias de la Tierra 3: 93-95.

Ruiz-Omenaca JI, Pifiuela L, Garcia-Ramos JC, Bardet N, Pereda-Suberbiola
X (2007) Dientes de reptiles marinos (Plesiosauroidea y Thalattosuchia) del

Jurasico Superior de Asturias. In: Braga JC, Checa A, Company M, editors.

XXIII Jornadas de la Sociedad Espanola de Paleontologia. Caravaca de la Cruz,
3-6 de octubre de 2007. Granada: Libro de Resimenes IGME y Universidad de
Granada. pp. 204-205.

PLOS ONE | www.plosone.org

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

o
3}

56.

57.

58.

59.

60.

62.

63.

64.

New Genus of Rhacheosaurin Metriorhynchid

Ferreira OV (1959) Nota sobre a presence do género Pelagosaurus no Lias do
Tomar. An Fac Cien do Porto 41: 121-125.

Antunes MT (1967) Un mesosuquiano do Liasico do Tomar (Portugal).
Consideragdes sobre a origem dos crocodilos. Memorias dos Servigos Geologicos
de Portugal, Nova Série 13: 1-66.

Ruiz-Omenaca JI, Pifuela L, Garcia-Ramos JC (2010) Dakosaurus sp.
(Thalattosuchia: Metriorhynchidae) en el Kimmeridgiense de Colunga (Astur-
ias). In: Ruiz-Omenaca JI, Pifiuela L, Garcia-Ramos JL, editors. Comunica-
ciones del V Congreso del Jurasico de Espana. Museo del Jurasico de Asturias
(MUJA), Colunga, 8-11 de septiembre de 2010. Colunga: Museo del Jurasico de
Asturias. pp. 193-199.

Young MT, Brusatte SL, Andrade MB, Desojo JB, Beatty BL, et al. (2012) The
cranial osteology and feeding ecology of the metriorhynchid crocodylomorph
genera Dakosaurus and Plesiosuchus from the Late Jurassic of Europe. PLoS ONE
7(9): €44986. doi: 10.1371/journal.pone.0044985

Canudo JI, Cuenca-Bescos G, Laplana C, Ruiz Omenaca JI (1997) El
“Clocodrilo de Ricla” el craneo de metriorrinquido mas completo del Jurasico
de Espafia. Cuadernos de Paleontologia Aragonesa 1: 14-24.

. Canudo JT (1998) Un viaje a través del tiempo: La sala Lucas Mallada. Aragonia

1: 13-15.

Meléndez G, Soria-Llop C (2000) La protecciéon del patrimonio paleontolégico
en Espafa:Concienciacion social y legislacion, y papel de la Sociedad Espafiola
de Paleontologia. In: Barettino D, Wimbledon WAP, Gallego E, editors.
Patrimonio Geologico, Conservacion y Gestion. Volumen 128 de Cursos y
~ongresos. Madrid: Instituto Tecnolégico Geominero de Espana. pp. 197-215.
Meléndez G, Molina A (2001) El patrimonio paleontologico en Espafia: una
aproximacion somera. Ensefianza de las Ciencias de la Tierra 9: 160-172.
Linan E, Rubio C (2002) El patrimonio geoldgico y paleontologico de las
comarcas aragonesas. Naturaleza Aragonesa 9: 16-21.

Pérez Urresti I (2003) Introduccion a la paleontologia del Jurasico de Ricla.
Cuadernos de Paleontologia Aragonesa 2: 8-29.

Anonymous (2005) Nuestro musco y sus protagonistas. 3. Metriorhynchus (Von
Meyer, 1830). Naturaleza Aragonesa 14: 95.

Pérez Urresti 1 (2005) Guia de los fosiles de Ricla. In: Sauras Herrera MD,
Gamez Vintaned JA, editors. Paleontologia de Ricla. Cuadernos de Paleonto-
logia Aragonesa 3. Zaragoza: Asociacion Cultural Bajo Jalon. pp. 50-86
Gamez Vintaned JA, Clia Mendez JM, Sauras Herrera MD (2006) Tesoros
Fosiles de Aragon. Catalogo de la exposicion. 16 de febrero- 11 de marzo de
2006. Centro Joaquin Roncal (Fundacion CAI-ASC). Zaragoza: Sociedad de
Amigos del Museo Paleontologico de la Universidad de Zaragoza. 32 p.

. Lifian Guijarro E, Gamez Vintaned JA (2006) El agua en Aragén durante las

eras geologicas. In: Centellas Salamero R, editor. Aquaria: Agua, Territorio y
Paisaje en Aragon [Catalogo de la Exposicion]. Zaragoza: Gobierno de Aragon
and Diputacion Provincial de Zaragoza. pp. 18-43.

Genera i Monells M, Meléndez Hevia G (2010) Origenes y evolucion de la
especie humana. Reus: Pragma General d’Edicions. 112 p.

. Linan E (2010) El Museo Paleontologico de la Universidad de Zaragoza.

Veinticinco afios después. In: Gamez Vintaned JA, editor. XI Jornadas
Aragonesas de Paleontologia: La Paleontologia en los Museos. Homenaje al
Profesor Eladio Linan Guijarro. Zaragoza: Institucion Fernando el Catolico. pp.
17-28

Sender Palomar LM, Lifian Guijarro E, Gamez Vintaned JA (2010) Un paseo
por la historia de lavida a través de los fosiles de la sala “Lucas Mallada™ (Museo
Paleontolégico de Zaragoza). Naturaleza Aragonesa 25: 4-17.

Parrilla-Bel J, Canudo JI (2011) Un craneo de Metriorhynchidae (Thalatto-
suchia) del Jurasico Medio de Ricla (Zaragoza, Espana). In: Pérez-Garcia A,
Gasco F, Gasulla JM, Escaso F, editors. Viajando a Mundos Pretéritos. Morella
(Castellon): Ayuntamiento de Morella. pp. 241-247.

Ramajo J (2006) Evolucién sedimentaria del Calloviense-Oxfordiense en el
Sector Central de la Cordillera Ibérica (Rama Aragonesa). Unpublished PhD
thesis. Zaragoza: Universidad de Zaragoza. 405pp.

Lendinez A, Gonzalo R, Cabra,P, Pérez A, San Roman J, et al. (1995) Mapa
Geologico de Espaiia. Serie Magna. EPILA. Hoja n° 382. Instituto Geolégico y
Minero de Espafia, Madrid +1 report 164 p.

Sequeiros L, Cariou E (1984) Sintesis bioestratigrafica del Calloviense de Ricla
(Zaragoza, Cordillera Ibérica). Estudios Geologicos 40: 411-419.

. Cariou E, Meléndez G, Sequeiros L, Thierry J (1988) Biochronologie du

“allovien de la province d’ammonites subméditerraneénne: Reconnaissance
dans les Chaines Ibériques des subdivisions fines distinguées dans le centre-ouest
de la France. In: Rocha BR, Soares AF, editors. Proceedings II International
Symposium on Jurassic Stratigraphy (1987). Lisbon: Universidade Nova de
Lisbon. pp. 395-406.

Meléndez G, Lardiés MD (1988) El Calloviense y Oxfordiense de Ricla (Prov.
Zaragoza). In: Pérez Lorente F., Ureta Gil MS, Comas Rengifo M]J, Fernandez
Lopez, S, editors. III Coloquio Jurasico de Espafia. Guia de Excursiones.
Logrorio: Instituto de Estudios Riojanos. pp. 265-281.

Aurell M, Meléndez G, Badenas B (2002) East Iberian Basins. In Gibbons W,
Moreno T, editors. The Geology of Spain. London: Geological Society. pp 223~
235.

Gomez JJ, Fernandez-Lopez SR (2004) Jurasico Medio. In: Vera JA, editor.
Geologia de Espafia. Madrid: SGE-IGME. pp. 500-503.

Gomez JJ, Fernandez-Lopez SR (2006) The Iberian Middle Jurassic carbonate-
platform system: Synthesis of the palacogeographic elements of its eastern
margin (Spain). Paleogeogr Palacoclimatol Palacoecol 236:190-205.

January 2013 | Volume 8 | Issue 1 | 54275



66.

67.
68.
69.
70.
71.
. von Meyer CEH (1832) Palaologica zur Geschichte der Erde und irher

73.

74.

76.

Page KN, Bello J, Lardi¢s MD, Meléndez G, Ramajo J, et al. (2004) The
stratigraphy of the Upper Bathonian to Middle Oxfordian succession of the
Aragonese Branch of the Cordillera Ibérica (Spain) and its European context.
Rivista Italiana di Paleontologia e Stratigrafia 110: 191-200.

Goloboff PA, Farris JS, Nixon KC (2008) TNT, a free program for phylogenetic
analysis. Cladistics 24: 774-786.

Hay OP (1930) Second Bibliography and Catalogue of the Fossil Vertebrata of

North America 2. Washington DC: Carnegie Institute Washington. 1094 p.
Walker AD (1970) A revision of the Jurassic reptile Hallopus victor (Marsh), with
remarks on the classification of crocodiles. Philos Transact R Soc Lond B Biol
Sci 257: 323-372.

Fraas E (1901) Die Meerkrokodile (Thalattosuchia n. g.) eine neue sauriergruppe
der Juraformation. Jahresh Ver vaterl Natkd Wirtt 57: 409-418.

Fitzinger LJEJ (1843) Systema Reptilium. Wien: Braumiiller et Seidel. 136 p.

Geschopfe. Frankfurt: Meyer. 560pp.

Brochu CA (1996) Closure of neurocentral sutures during crocodilian ontogeny:
implications for maturity assessment in fossil archosaurs. J Vert Paleontol 16:
49-62.

Pol D, Gasparini ZB (2009) Skull anatomy of Dakosaurus andiniensis (Thalatto-
suchia: Crocodylomorpha) and the phylogenetic position of Thalattosuchia.
J Syst Palaeontol 7: 163-197.

. Karl HV, Groning E, Brauckmann C, Knétschke N (2006) Revision of the genus

Enaliosuchus Koken, 1883 (Archosauromorpha: Metriorhynchidae) from the
Early Cretaceous of Northwestern Germany. Stud Geol Salmanticensia 42:49—
59.

Buchy MC, Vignaud P, Frey E, Stinnesbeck W, Gonzalez AHG (2006) A new
thalattosuchian crocodyliform from the Tithonian (Upper Jurassic) of north-
eastern Mexico. Comptes Rendus Palévol 5: 785-794.

PLOS ONE | www.plosone.org

22

77.

78.

79.

80.

81.

82.

83.

84.

New Genus of Rhacheosaurin Metriorhynchid

Fernandez MS, Herrera Y (2009) Paranasal sinus system of Geosaurus araucanensis
and the homology of the antorbital fenestra of metriorhynchids (Thalattosuchia:
Crocodylomorpha). J Vert Paleontol 29: 702-714.

Gandola R, Buffetaut E, Monaghan N, Dyke G (2006) Salt glands in the fossil
crocodile Metriorhynchus. ] Vert Paleontol 26: 10091010

Fernandez MS, Carabajal AP, Gasparini Z, Chong Diaz G (2011) A
metriorhynchid crocodyliform braincase from the northern Chile. J Vert
Paleontol 31: 369-377.

Jouve S (2009) The skull of Teleosaurus cadomensis (Crocodylomorpha, Thalatto-
suchia), and phylogenetic analysis of Thalattosuchia. J Vert Paleontol 29: 88—
102.

Andrade MB, Young MT, Desojo JB, Brusatte SL (2010) The evolution of
extreme hypercarnivory in Metriorhynchidae (Mesoeucrocodylia: Thalattosu-
chia) based on evidence from microscopic denticle morphology. J Vert Paleontol
30: 1451-1465.

Massare JA (1994) Swimming capabilities of Mesozoic marine reptiles: a review.
In: Maddock L, Bone Q, and Rayner JMV, editors. Mechanics and Physiology
of Animal Swimming. Cambrige: Cambridge University Press. pp. 133-149, pp.
205-229.

Pierce SE, Angielczyk KD, Rayfield EJ (2009) Shape and mechanics in
thalattosuchian (Crocodylomorpha) skulls: Implications for feeding behavior and
niche partitioning. J Anat 215: 555-576.

Young MT, Brusatte SL, Beatty BL,, Andrade MB, Desojo JB (2012) Tooth-on-
tooth interlocking occlusion suggests macrophagy in the Mesozoic marine
crocodylomorph Dakosaurus. Anat Rec 295: 1147-1158.

. Pierce SE, Angielczyk KD, Rayfield EJ (2009) Morphospace occupation in

thalattosuchian crocodylomorphs: Skull shape variation, species delineation, and
temporal patterns. Palacontology 52: 1057-1097.

January 2013 | Volume 8 | Issue 1 | 54275



